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1. BASICS OF TeV ASTRONOMY 
The technique of searching for astrophysical sources of TeV (10^^ eV) 7-rays 
using ground-based air Cherenkov telescopes is about 30 years old. The detection 
relies upon the extensive air shower created by the primary 7-ray. Alternating pair 
production and bremsstrahlung create thousands of electrons and positrons which 
deposit their energy in the atmosphere. The charged particle component is greatly 
diminished by the time the shower reaches mountain altitudes. What survives is the 
Cherenkov radiation from fast particles in the cascade. The resulting pool of blue 
and ultraviolet light is a few hundred meters in diameter and approximately one 
meter in thickness. An optical reflector and focal plane phototube gated for several 
nanoseconds can successfully record the flash of light as it rises above the night sky 
which acts as the only natural source of noise. 
Aside from opening a new astronomical window on the universe, the search for 
sources of TeV 7-rays has bearing on the problem of the origin of cosmic rays. The 
cosmic ray energy spectrum extends up to 10^" eV. The source directions of these 
energetic particles are completely hidden by bending in the galactic magnetic field. 
The energetic photons created in the same environment do not have that problem. 
By looking for sources of very high energy 7-rays the source of cosmic rays may be 
found. 
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Unfortunately, the isotropic flux of cosmic rays creates a large background of 
similar showers. The main problem faced by TeV astronomy is how to overcome this 
background to increase the sensitivity of a telescope to point sources. Detections of 
strong, transient outbursts from candidate sources have typically found the signal to 
be at most a few percent of the cosmic ray rate. The cosmic ray background makes 
unambiguous detections rare. 
How can an experiment be made more efficient at detecting possible sources of 
TeV 7-rays? The flux sensitivity of an experiment to a source in terms of standard 
deviations above the background is given by 
where A is the energy dependent collection area, E the threshold energy, Q, the detec­
tor solid angle, T the observing time and k is a constant determining the total flux for 
7-ray induced showers (g) or cosmic ray induced showers (b). This is the number of 
detected 7-ray events divided by the square root of the number of background events. 
The cosmic ray energy spectrum follows a cumulative power law of index 1.6 and the 
index of the source, G, is assumed to be unknown or extrapolated from observations 
at, lower energies. 
This quantity can be raised by increasing the observation time or by adjusting 
( he energy threshold of the telescope to match the source spectrum (i.e., lowering the 
threshold if the source has a steep spectrum and raising it if the source has a flat 
spectrum relative to the cosmic rays). Unfortunately, these two steps are not always 
possible. If the source is transient, the amount of time spent on source may not help. 
Also, the air Cherenkov technique is hampered by the small amount of time spent on 
source since clear, moonless nights are required. In addition, the spectrum of a source 
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may not be known or it may be difficult to adjust the energy threshold sufficiently to 
optimize the detector. 
The most promising approach is to decrease the aperture associated with the 
background, ,4^%, while taking care that the 7-ray collection area is not adversely 
effected. To accomplish this, a second generation of experiments which attempt to 
exploit some intrinsic property of the pool of light to reject the background have 
come on-line. These detectors measure the temporal, lateral, angular, or spectral 
distribution of Cherenkov photons and utilize the theoretically predicted differences 
in the development of the showers. Such instruments should be greatly superior to 
early Cherenkov telescopes. 
1.1. Background Rejection Techniques 
One such technique relies on the spectral distribution of Cherenkov light from the 
shower to distinguish 7-ray from proton (Grindlay 1971; Stepanian et al. 1983). The 
prediction is that 7-ray showers contain less ultra-violet light than proton showers. 
The 7-ray showers develop higher up in the atmosphere. Protons create a penetrating 
component made up of muons and an energetic hadronic core which creates light at 
much greater depths than the 7-ray showers. Since the light created higher up is 
more susceptible to scattering and absorption, and these effects are more pronounced 
in the ultra-violet, selecting showers that are deficient in ultra-violet light should be 
a good indicator of primary type. 
The lateral distribution of Cherenkov light may be used to reduce the back­
ground. The 7-ray showers are expected to have a broad lateral distribution as 
rompared to the steeply falling distribution from a proton shower. By using an array 
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of mirrors, the lateral distribution can be measured and a test of uniformity over all 
detectors used to reduce the background or fast timing used to narrow the angular 
resolution (Tornabene and Cusimano 1968). 
The time development of the shower may also be used to an astronomer's advan­
tage through fast timing (Fegan et al. 1968; Resvanis et al. 1986). The pool of light 
from a 7-ra.y shower lasts only a few nanoseconds. Such techniques are extremely 
difficult requiring very fast electronics and superb timing. 
Finally, the angular distribution of Cherenkov photons can be exploited. The 
7-rays make regular, compact images which point back to the arrival direction of 
the shower while proton showers are random and extended. Early analytic results 
(Zatsepin 1965; Zatsepin and Chudakov 1962) and Monte Carlo simulations (Rieke 
1969) showed that to first order, the Cherenkov image is an ellipse. An array of 
phototubes in the focal plane of a reflector makes possible the reconstruction of the 
image (Weekes and Turver 1977). By selecting showers whose size and orientation are 
typical of 7-rays, as much as 99% of the background can be removed while keeping 
most of the source showers (Hillas 1985). 
1.2. Whipple Observatory Efforts 
Measuring the angular distribution — Cherenkov imaging — is the focus of the 
Whipple Observatory collaboration efforts (University College, Dublin, Smithsonian 
Astrophysical Observatory, Iowa State University, St. Patrick's College, Maynooth). 
From 1983 to 1988 a 37 element focal plane camera with pixel size 0.5° was operated 
with the 10 meter reflector (Cawley et al. 1985a) (Figure 1.1). Currently a 109-
fihototube camera with 0.25'^ pixel size is in use (Cawley et ai. 1990). 
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Figure 1.1: The Whipple Observatory focal plane camera and reflector. Shown 
are the 37-tube and 109-tube versions, each with a 3.5° field of 
view. Also shown are the definitions of the zones for the 37-tube 
camera. The 109-tube zones are defined similarly 
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Figure 1.2: Parameterization of a Cherenkov image 
Figure 1.2 shows the basic parameters which characterize an image. Through 
extensive simulations of both proton and 7-raj' induced showers, Hillas (1985) defined 
^-ray domains for each of the parameters based upon Monte Carlo simulations of 
both 7-ray and proton induced air showers for the Whipple Observatory detector. 
All parameters except Cone are in degrees as measured in the focal plane of the 
telescope. Width and length are the r.m.s. widths of the image with respect to the 
major and minor axes. Miss measures how close the major axis comes to the center 
of the field of view. Cone is the fraction of total signal in the two channels containing 
the largest pulse heights. Azwidth is the r.m.s. width with respect to an axis joining 
the centroid and the center of the field of view, thus encompassing both pointing and 
width properties. 
The distribution for these parameters is plotted in Figure 1.3 for the Hillas Monte 
Carlo simulations. The differences between the proton and 7-ray distributions are 
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clear. 
In applying this technique, the most extensive observing efforts have concentrated 
on the Crab Nebula and its pulsar. Using 210 pairs of on/off data in which the source 
region was tracked for 28 minutes and then an off region 30 minutes away in right 
ascension was tracked through the same zenith and azimuthal angles, an excess of 
events corresponding to 1<t above the background from the direction of the Crab 
Nebula was found in the uncut (no image selection) database. 
By selecting only those events whose images have the characteristics of 7-ray 
induced showers using the a priori 7-ray domains results in the 1 <T excess becoming 
!) (T ( Weekes et al. 1989). This is achieved with the azwidth cut which is as useful as 
any combination of parameters. In Figure 1.4, the difference in the number of events 
for on vs. off in standard deviations are graphed as a function of azwidth. The excess 
ai low values of azwidth is the clear signature of the 7-ray signal. 
Using the new 109 pixel camera, a 15 tr imaging detection of the Crab Nebula 
was achieved in one season of observations using 66 on/off pairs (Lang et al. 1989). 
The higher resolution improved the sensitivity by more than a factor of two over the 
old camera. The mounting evidence that the Crab nebula is a steady emitter of TeV 
7-rays and that the 7-rays behave as the Hillas simulation predicted has been an 
important verification of the usefulness of this type of background rejection. 
The Crab is not the only object which is reported to emit TeV 7-rays, however. 
A comprehensive analysis of the X-ray binary Hercules X-1 was recently completed 
(Reynolds et al. 1989). The Rayleigh test (Mardia 1972) for periodicity is applied to 
a data set of 579 half hour segments taken over a 4 year period. The distribution 
of peak powers in the power spectrum for a pulsar search range centered on the X-
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Figure 1.3: Differences between proton and 7-ray induced images for the 
Whipple 37-tube camera from the Hill as simulations (Weekes et 
al. 1989) 
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Figure 1.4: Differences in the azwidth distributions for on versus off runs on 
the Crab Nebula as a function of azwidth (Weekes et al. 1989) 
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ray frequency is compared with the distribution of peak powers from a background 
frequency search range. The peak powers are chosen from frequency bins having a 
width of 2 independent Fourier spacings. 
Figure 1.5 shows the two distributions. From the cumulative distribution of the 
background powers, the probability that a peak in the pulsar search range has a power 
greater than or equal to any value can be calculated. The resulting probabilities are 
combined through the Fisher test which gives the final probability of getting the search 
distribution (Fisher 1958, Lewis 1989a). If there are N independent significance levels, 
a;,:, then by calculating 
N 
a = —21n JJ aj 
r=l 
the quantity a is distributed as with 2N degrees of freedom. Applying this test 
to the Hercules X-1 distributions gives a probability of less than 1 % that the search 
range distribution could arise from chance (Reynolds et al. 1989). This is a good 
indication that Hercules X-1 is a transient emitter of TeV 7-rays. 
Figure 1.6 shows the spectrogram from a typical episode of emission from Her­
cules X-1. Shown are the power spectra from the uncut and ajswidth selected time 
series. The effect is completely washed out by selecting only those events with 7-ray 
characteristics based upon the azwidth parameter which works so effectively on the 
Crab. A complete analysis of Hercules X-1 using an image selected data set gives 
little evidence for emission of Crab-like 7-rays from Hercules X-1 (Reynolds et al. 
1!)!M)). 
The failure of imaging to enhance the possible signal from Hercules X-1 which 
appears to he a strong, transient source is puzzling. There are three possible reasons 
for this failure. First is bad luck. If the effect found in the Whipple database is 
11 
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Figure 1.5: Non-imaging detection of Hercules X-1. Comparison of the distri­
bution of peak powers in the pulsar search range with the back­
ground search range (Reynolds et al. 1989) 
due to chance it should disappear when image selection is applied. The low chance 
probability make that unlikely, but it cannot be ruled out until more observations are 
analyzed. 
The second possibility is that we may not know enough about the use of Cherenkov 
imaging to apply it successfully on every source. If the Monte Carlo programs which 
predict the usefulness of imaging are wrong or incomplete, the technique is not on safe 
footing. The data supplied by the Hillas program are convincing and the detection of 
the Crab is compelling. Still, there may be things to learn about using this technique. 
After all, other simulations have not been in complete agreement with the Hillas 
Monte Carlo. The simulations of Plyasheshnikov and Bignami (1985) suggest that 
the pointing property of the image (i.e., the miss parameter) is valuable as a selection 
parameter, but that the size of the image was not useful. On the other hand. Browning 
12 
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Figure 1.6: Results of applying image selection to an outburst from Hercules 
X-1 (Lewis et al. 1988) 
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and Turver (1977) found that the size of the event (i.e., azwidth, width or length) 
was useful, but fluctuations in the showers mask the differences in pointing. Such 
disagreement among independent simulations is disquieting. 
The Hillas simulations were done at the zenith. Perhaps some unanticipated 
zenith angle effects are at work. The observations of the Crab Nebula show definite 
zenith angle dependencies in the image selection efficiency. This may have a tremen­
dous effect on the usefulness of the technique. Certainly the simulations need to be 
fully understood and explored before complete confidence in imaging can be achieved. 
The third, and most remote, explanation for the failure of imaging to work on 
Hercules X-1 is that we are witnessing the signature of some new physics. Either 
the TeV 7-rays are not interacting in the atmosphere as expected or the signal is 
not photonic. This would be consistent with the anomalous PeV observations of 
Cygnus X-3 and Hercules X-1 in which the detected showers are not muon poor as 
expected from 7-ray showers at 10^^ eV (Dingus et al. 1988; Samorski and Stamm 
1983). It would also be akin to the highly controversial detections of muons from 
C!ygnus X-3 by underground detectors (Marshak et al. 1985; Battistoni et al. 1985). 
These experiments are meant to study proton decay but can be used as telescopes 
for astrophysical sources of muons which are assumed to be the secondaries of some 
previously undiscovered light, neutral particle (Ruddick 1986). 
1.3. Goals of this Dissertation 
The intent of this dissertation is to test the imaging technique in two ways. The 
first is a software test of Cherenkov imaging using a Monte Carlo simulation program 
completely independent of the Hillas program. The hope is that two simulations 
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using tile same detector cliaracteristics will agree on the benefits of exploiting the 
angular distribution of the Cherenkov light. The goal is to verify the Hillas results 
which were obtained from simulations at the zenith, and then extend our knowledge 
by simulating air showers at lower elevations. 
In Chapter Two we find that the Cherenkov images from 7-ray induced showers 
are the same for both simulation programs. Also, a comparison of these images with 
measured proton images taken by the Whipple Observatory detector shows that the 
two types of showers are very different. The results from the simulations are in 
agreement with the observations of the Crab Nebula. We also find in Chapter Two 
that the two most probable causes of bias in the technique, the primary particle's 
energy and the zenith angle of the observation, can have some effect on the overall 
usefulness of the technique but neither negates the incentive to apply it. 
A hardware test of the imaging technique has also been performed. This experi­
ment tests the Whipple Observatory telescope by attempting to collect the Cherenkov 
light from a single charged particle. This test wiU determine how well the detector 
performs on a simple, unambiguous image. The successful search for these images 
described in Chapter Three shows the Whipple Observatory instrument to be profi­
cient at detecting these images and therefore sensitive to any true differences between 
source 7-ray showers and background cosmic ray showers. Such a test is important 
since it utilizes a signal coming naturally from the night sky. A qualitative confirma­
tion of the calibration of the detector using these events finds that the response of 
the experiment to a single Cherenkov photon is known reasonably well. 
In Cliapter Four we report on the analysis of observations of two high-mass X-ray 
binaries, 4U0115+63 and V0332+53. Each is in a moderately eccentric, wide orbit 
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about a Be type companion star. Both sources are transient emitters of X-rays and 
hove similar neutron star spin periods, 3.6 and 4.4 seconds for 4U0115 and V0332 
respectively. 
A recent list of candidate TeV sources (Figure 1.7) shows the preponderance of 
fast pulsars and X-ray binaries. 4U0115 and V0332 are two representatives of the 
class of massive X-ray binaries. A comprehensive analysis of the Whipple database 
for these two objects indicates no strong evidence for emission of TeV photons on 
time scales of 30 minutes or less to groups of several nights to the entire four year 
database. Neither the uncut data nor the image selected data show any effect. This 
indicates that such objects, if TeV emitters, are extremely transient. 
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2. SOFTWARE TEST: CHERENKOV LIGHT FROM AIR SHOWERS 
We have noted several possible solutions to the background problem in TeV as­
tronomy — all of which rely on our knowledge of the physics of extensive air showers in 
the atmosphere. To increase the sensitivity of detectors the differences between 7-ray 
and hadronic showers must be used. Our knowledge of these differences comes mainly 
from Monte Carlo simulations of the particle cascade and the associated Cherenkov 
light production. 
The simulations of Hillas, which are the most extensive to date and are tailored to 
the Whipple Observatory detector, predict that proton and 7-ray induced air showers 
do not yield the same Cherenkov light images. Differences in shower development 
translate to differences in the Cherenkov light pattern. This is quantified by the 
image parameters which describe the orientation and size of the images. The 7-ray 
showers tend to point towards the center of the field of view and are very narrow. 
The proton images are larger and randomly oriented. 
Improvement in the simulations could come from two developments. First, it 
would be nice if two completely independent simulations were to agree on the ben­
efits of Cherenkov imaging. Secondly, it would be beneficial to have simulations at 
lower elevations. To this end, a completely independent program has been used to 
test the Hillas conclusions and extend our knowledge of imaging. The basic code 
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was developed by Todor Stanev (Bartol) and especially Glenn Sembroski (Purdue). 
Much of the hadron code is due to Stanev while Sembroski is mainly responsible for 
the electromagnetic part of the cascade and the basic Cherenkov emission. Testing, 
modifying and tailoring the code to the Whipple Observatory instrument has been 
done at Iowa State. 
Hillas does a good job of reproducing the distribution of image parameters for the 
proton background. The true test is in the simulation of 7-ray showers. The images 
of protons used will be those measured by the Whipple Observatory experiment. If 
the simulated -y-ray images are markedly different from the measured background and 
similar to the simulated Hillas 7-rays, this will be an important confirmation of the 
value of imaging. Simulations have been done at the zenith and at elevations of 60° 
and 45". 
Section 2.1 begins with a brief description of what it takes to simulate an ex­
tensive air shower. We also describe some simple tests of the performance of this 
program. The Fortran code gives reasonable results for both the particle properties 
of an electromagnetic shower and the global Cherenkov light properties. In Section 
2.2. a comparison with the 7-ray results of Hillas is discussed. The agreement between 
the results of the two programs is good. This gives us important, independent veri­
fication of the usefulness of the imaging technique. A study of the zenith angle and 
energy dependencies in imaging is reported in Sections 2.3 and 2.4. The efficiency of 
the detector as a function of zenith angle is found to be in agreement with the results 
of 7-ray observations of the Crab Nebula. The efficiency of imaging decreases with 
zenith angle but there is still an incentive to apply the selection algorithm. The effect 
of primary energy on imaging is small. 
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2.1. Air Shower Physics 
The basic processes in the electromagnetic cascade include bremsstrahlung, pair 
production, multiple scattering, Compton scattering, and the specifics of the atmo­
sphere including magnetic field. A proton initiated air shower must also include 
hadronic interactions and the concomitant particle spectrum. The current program 
has all these components as well as the mechanics of Cherenkov emission. 
The development of an event is as follows: The primary particle starts at the 
top of the earth's atmosphere. As the particle travels through the atmosphere, it 
interacts with atmospheric nuclei (assumed to have the average charge for air, about 
7.4e) to produce secondaries. An electron will undergo bremsstrahlung to produce 
an e~ and 7-ray while a 7-ray will produce a — e~ pair for pair production or an 
e~ and a 7-ray if Compton scattering. These secondaries have their attributes stored 
in a temporary array in the program. One by one the particles created are followed 
through the atmosphere with their decay or interaction products being stored in turn. 
Hadronic particles either decay or interact and muons typically decay or reach 
observatory level, 2300 meters at Mt. Hopkins (780 g/cm^). Any particle passing be­
low observatory level is dropped. Electrons and positrons in the cascade are followed 
until they are unable to emit Cherenkov radiation at observatory level while other 
particle types are followed until they are unable to produce electrons which can emit. 
Figure 2.1 shows a simplified flow chart for the development of a 7-ray induced air 
shower with Cherenkov light. 
Each particle's path is divided into segments which are typically one percent of 
a radiation length or less, about 0.37 g/cm^. A particle is propagated this distance 
unless it interacts or decays before the end of the segment. Each segment is a straight 
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Figure 2.1: Monte Carlo simulation of Cherenkov light from an electromag­
netic cascade in the atmosphere 
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line whose direction cosines are corrected at the end point to account for multiple 
scattering and bending in the magnetic field. Charged particles are penalized for 
ionization losses along each segment. 
The atmosphere is divided into three regions for a realistic depth vs. height rela­
tionship based upon a fit to the U.S standard atmosphere. The charged particles are 
tested along each segment to determine whether or not they can emit Cherenkov light 
based on the local air density and the particle energy. The emitted light is attenuated 
due to ozone absorption, Rayleigh scattering, and aerosol scattering (Toolin 1965). 
2.1.1. Particle tests of the simulation 
The heart of the simulation program lies in the pair production and bremsstrahlung 
routines. These use algorithms which are based on the results of Butcher and Mes-
sel (19(50) who calculated the longitudinal development of an electromagnetic shower 
including the effects of ionization losses and Compton scattering for both aluminum 
and air absorbers. The first test of the program is to ignore multiple scattering and 
the magnetic field and try to reproduce the Messel and Butcher results. 
In Figure 2.2, the average shower development for 100 7-rays each with primary 
energy 10 GeV and tracking of particles down to 100 MeV is shown along with 
some representative points from the Butcher and Messel paper. The overall shape 
and position of maximum are good. This indicates that the particle calculations of 
the program for Compton scattering, bremsstrahlung, pair production and ionization 
losses are behaving as they should. The ability to recreate the expected longitudinal 
distribution gives us confidence that the program fits together well and reproduces 
the appropriate physics. 
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Figure 2.2: Longitudinal development of an electromagnetic cascade 
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The lateral distribution of electrons is the next test. The pair production and 
bremsstrahlung routines do not calculate an angular distribution of emission angles 
since the mean angle is of order (rrielE) where me is the electron mass and E is 
the energy. This mean angle is typically less than 0.1°. The magnetic field, multi­
ple scattering, and Compton scattering are the dominant angular effects for a 7-ray 
shower. 
Figure 2.3 shows the lateral distribution of electrons for the NKG function, the 
results of Hillas (1981) and the present simulation. The ordinate is the fraction of 
electrons in an annular ring of 1 meter thickness at a distance of r meters from the 
shower core. The numbers are calculated at a depth of SSO^/cm^ which corresponds 
1,0 shower maximum for a 1.0 TeV primary. The NKG function is an analytically 
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derived function (Greisen 1956) while the Hiilas results are based on simulations. 
Most workers get distributions which are narrower than the NKG results as the Hiilas 
results show. Our distribution is an average of 100 trials at 1.0 TeV with no magnetic 
field. Particles are followed down to one MeV. The results are narrower than the 
NKG function but not quite as narrow as the Hiilas results. The overall shape and 
position of the curve again suggest that the cascade is developing as it should. 
Of course, the lateral distribution is not independent of the longitudinal distri­
bution. Therefore this exercise also tests the longitudinal distribution including the 
effect of particles less than 100 MeV and greater than 10 GeV which are not included 
in the comparison against the Messel and Butcher numbers. The particle properties 
of the simulation for electromagnetic showers appear to be reasonable. 
2.1.2. Global properties of 'Cherenkov light 
Now let us move from the particle properties to the Cherenkov light properties. 
What is expected of the Cherenkov light from 7-ray initiated showers? Several studies 
of the lateral distribution of Cherenkov light have been done (Zatsepin 1965; Rieke 
1969; Paterson and Hiilas 1981). The lateral distribution of light from a 100 GeV 
7-ray induced air shower generally shows a plateau with intensity 10-15 photons m~^ 
out to about 100 meters from the shower core and possibly an enhancement at 100 
meters due to a focusing effect. The Cherenkov emission angle increases with depth 
in the atmosphere such that the distance the light travels from the shower core is 
roughly constant. The Cherenkov light intensity drops off quickly as the distance 
from the core increases past the plateau. Figure 2.4 shows the lateral distribution of 
light from the simulations of Rieke which were done for the Mt. Hopkins experiment. 
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Figure 2.5 sliows the lateral distribution of Cherenkov light from the current 
simulation. This is for 100 GeV and 1 TeV primary particles at the zenith averaged 
over 25 showers. The quantity a is the maximum zenith angle allowed for a photon. 
The distribution at 100 GeV agrees well with previous work in both shape and in­
tensity of the distribution. The plateau is extremely flat and does not show the lip 
in the distribution some other simulations show except when a zenith angle cut-off is 
applied. This is partially the result of the averaging over showers. Some events show 
the enhancement at 120 meters while other events create a hot region close to the 
shower core. Fluctuations in the cascade appear to have a large effect on the lateral 
distribution for each individual shower. 
The light intensity for the 1 TeV showers shows the plateau region to be changing 
shape. Near the shower core, the density is rising faster in going from 100 GeV to 1 
TeV than it does farther from the core. The remains of the plateau exist at 120 meters 
but it is not nearly as flat as at 100 GeV. This may be reasonable since the more 
energetic showers develop farther down and the effect of focusing is decreased since 
the shower is more spread out. The 1 TeV showers are less effected by fluctuations 
than the 100 GeV showers as the impact parameter (distance from the shower core) 
increases. 
In Figure 2.6, the ratio of the standard deviation of the light density to the mean 
light density for the 25 showers is plotted for 1.5° and 90° zenith angle cut-offs. Close 
to the core, the standard deviation is nearly as large as the mean. As the distance 
from the core increases, the showers are more well behaved, especially around 100 
meters. The fractional uncertainty then increases for the 1.5° case while remaining 
low for a 90" cut-off. This may mean that a detector with a field of view similar 
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to the Whipple Observatory detector (1.75° half angle) would be a good calorimeter 
only for those showers with medium impact parameters at low energies, or medium 
and high impact parameters at high energies. 
As a preview of the differences in proton and 7-ray induced showers, Figure 
2.7 shows the particle tracks in a 1 TeV proton shower vs. a 1 TeV 7-ray shower. 
This is supplemented by Figure 2.8 showing a 3-d contour plot of the Cherenkov 
light distribution for a 1 TeV 7-ray induced shower and a proton induced shower for 
comparison. The 7-ray shower develops in a more orderly fashion in terms of both 
the shower particles and the Cherenkov light. 
How do these differences manifest themselves in the focal plane of an imaging 
type detector? Specializing to the focal plane of the Whipple Observatory 10 meter 
reflector, Figures 2.9-13 show the distribution of Cherenkov light assuming no aber­
rations from the reflector. Figure 2.9 shows the distribution of photons for both a 
proton and 7-ray primary at the shower core. Figures 2.10-11 show the distributions 
for a proton primary at impact parameters of 60 meters and 120 meters whil Figures 
2.12-13 show the same for a 7-ray induced shower. 
As the impact parameter increases, the light image moves out in the focal plane. 
Even at the shower core, the differences in the images are obvious. The 7-ray shower 
is symmetrical while the proton shower is more random. As the impact parameter 
increases to 60 meters and finally 120 meters, the elliptical shape of the 7-ray image 
becomes apparent. The images for both types of showers get narrower as impact 
parameter increases. The patchiness in the 60 m impact figure for the proton showers 
is the result of local particles contributing heavily to the Cherenkov image. In fact, 
the arc of light apparent in the 60 meters west figure is probably due to a muon close 
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Fipiure 2.8: Lateral photon distribution for a proton (top) and 7-ray (bottom) 
shower at 1.0 TeV 
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to the detector. 
Certainly, the simulation program gives reasonable results for the particle prop­
erties and global Cherenkov light properties of 7-ray induced air shower. We have 
also seen qualitative evidence that successfully measuring the angular distribution of 
the images could be of great value in rejecting the cosmic ray background. The next 
step is to calculate in more detail the expected light patterns from these air showers 
using the full information about the Whipple Observatory experiment. 
2.2. Comparison with Hillas 
A quantitative comparison of the simulations can be done most effectively using 
the Whipple collaboration's 37-tube camera for which the Hillas predictions were 
initially made. To compare results, we follow a similar mode of simulation: The 
primary 7-ray energy is picked from an £!~2.25 differential energy distribution with 
a random impact parameter of up to 200 meters. The cascade develops with the 
Cherenkov photons hitting within 5 meters of the position of the detector stored 
for later processing. For each event, the primary energy and impact parameter as 
well as the location, direction cosines, and wavelength of each photon are written. 
In addition, the photons hitting a second reflector 120 meters away are stored for 
studying the possible enhancements from stereoscopically viewing a shower. 
Each event is eventually processed one photon at a time. The first step in this 
processing is to determine the hit position of a photon in the focal plane of the 
reflector. The optics of the 10-meter reflector are well understood (Lewis 1989b; 
Rieke 1969; Davies and Cotton 1957). The reflector is a tessellated design with 
24M individual spherical mirrors (61 cm diameter), each with 14.6 meter radius of 
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curvature, mounted on a spherical surface of 7.3 meter radius of curvature. The plate 
scale is 12.8 cm/deg. 
The dominant aberrations are astigmatism from the individual facets and a global 
aberration effecting off-axis rays. This occurs because the individual facets all point 
in different directions and do not focus parallel rays to a single point. The individual 
Clierenkov photons are propagated to the focal plane using the equation (Lewis 1988) 
e = 7.3M 
^ ^ cos(^ -^) 
7.312 _ p2  
where p  (in meters) and give the hit position of the photon, in polar coordinates, 
on the reflector. 8 (radians) is the angle of incidence of the photon with respect to the 
optic axis, is the photons azimuthal angle of incidence in the plane of the reflector 
and e is the displacement of the photon relative to the center of the field of view in 
meters. 
We also need the azimuthal angle of the final hit position in the focal plane given 
by (Lewis 1988) 
77 = V + arctan \/(^ tan(^ - p )  
Modeling the aberrations as a gaussian about the hit point and picking a correction 
from a normal distribution gives the final hit position in the focal plane. The image 
shape for on-axis rays is shown in Figure 2.14 along with a diagram which indicates 
how the focussing works. The full width at half maximum of the image is close to 
0 . 1 2 - .  
The focal plane of the reflector contains the grid of phototubes positioned in a 
hexagonal array. If the hit position is within 0.18° of any tube center, the width in 
degrees of the photocathode sensitive area, the photon is a candidate for liberating a 
Figure 2.14: Basic focussing of the 10 meter reflector and image shape for point 
source at inflnity, on-axis. The scale size is 0.02° (Lewis 1989b) 
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pliotoelectron. The probability of creating a photoelectron, determined by weighting 
the spectral response of the phototube (RCA 6342A/V1) by the simulated, incident 
Cherenkov spectrum, is found to be 0.2. Only 20 % of the possible Cherenkov light is 
followed in the simulation to save cpu time but still follow enough photons for decent 
statistics. A reasonable value for the reflectivity of the mirror segments is about 0.7 
(Weekes 1989). Every photon hitting the reflector is propagated to the focal plane 
which means that each photon striking a tube has a 70% of liberating a photoelectron 
for simulation purposes. 
The photoelectrons in each channel must then make their way through the acqui­
sition electronics. There are several stages in this process including multiplication in 
the phototube, amplification of the resulting pulse, losses in the cables, and analog-
to-digital conversion. The simulation program needs one number from the complex 
electronics involved in the data acquisition — the gain. This is the number of digital 
counts recorded on magnetic tape for each photoelectron. 
Figure 2.15 shows the electronics associated with the current 109-tube camera. 
The 37-tube electronics was similar. Most units are standard Camac modules. An 
LSI 11/73 computer is used to write data to a hard disk and to archive data onto 
magnetic tape. The usual system trigger is defined by 2 of the inner 91 tubes (2 of 19 
for 37-tubes) exceeding a threshold of about 40 photoelectrons in a gate period of 25 
nanoseconds ( 40 ns for 37-tubes). Other triggers include timing events and external 
triggers (i.e., muon telescope, see Chapter Three). Timing events are generated by a 
U.T.C. clock based on WWVB, a portable sidereal clock, and a portable Rubidium 
clock offset by 30 seconds from the U.T.C. events. The offset keeps the two U.T.C. 
timing events from colliding. Relative times between events are kept by a 1 MHz and 
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n 1 Hz scaler. Absolute time of an event is known to about 0.5 msec. The event 
encoder recognizes what type of trigger, normal Cherenkov event or timing event or 
external trigger, is being processed and gives the proper event code which is included 
in the event information. 
A value for the gain is calculated in the following way: Using a green LED as 
a light source, the amplification of the phototube is measured by iinding the anode 
current with the source in place and normal voltage applied as compared to applying 
a small voltage to the tube with the anodes and dynodes tied together which inhibits 
secondary emission. This measures the gain of the phototube. Losses in the cables 
are found by injecting a standard square wave signal into the system at various points 
and finding the effect on pulse height. The measured attenuation of about 30% and 
the amplifier value of lOX are the final factors needed to find the total gain. This 
procedure has determined the gain to be 0.72 dig counts / photoelectron for the 37 
tube camera (Lewis 1988). 
The final step is to fold in the effect of sky and signal noise. The standard 
deviation of the sky noise in the system has been measured to be about 5.0 digital 
counts (37-tube camera). This is found from calibration files which are routinely 
taken on every night of observation. The telescope is generally pointed toward the 
first source of the night and artificially triggered at 10 Hz with voltage supplied to 
the camera. The resulting pulse height distributions are centered on the pedestal 
value for the channel which is the value due to a constant dc current in the system. 
Fluctuations about the pedestal represent the noise from the night sky light. 
We must also know the fiuctuations due to the statistical nature of the signal 
itself. This is measured by using the light from a nitrogen puiser which uniformly 
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illuminates the focal plane. If the average signal from all phototubes is taken to be the 
true light intensity for each nitrogen event, fluctuations in the distribution of pulse 
height against light intensity is the result of signal noise. This has been measured to 
be where Rgig is the expected signal in digital counts (Lewis 1988). 
The sky and signal noise are uncorrected and therefore add in quadrature to 
give the total expected noise in any tube. Picking a random number from a gaussian 
distribution with zero mean and 
Snoise  =  \ / (1 .2 iZs i j )2  +  5^ 
as the standard deviation and adding the result to the signal in a tube gives the final 
pulse height in digital counts. 
The resulting set of 37 intensities for each simulated event is parameterized to 
determine the shape of the Cherenkov image. Each image is modeled as an ellipse. 
There is a noise cut-off of 10 digital counts below which a tube is zeroed to prevent 
the images from being effected by noise. Also, any tube more than 1.4° away from the 
tube with the maximum signal is zeroed. Again, this helps keep noise from distorting 
the image. All images are much less than 1.4° in size which means that this should 
not adversely effect the true shape. The image parameters have been described in 
Chapter One. They are calculated as moments about the major and minor axes of 
the image as outlined in Table 2.1. 
A set of 3150 7-ray simulations following this scheme have been calculated at 
the zenith with an energy threshold of 100 GeV. A total of 251 events trigger a 
Whipple-like detector in a mode requiring that 2 of the 19 tubes in zones 0-2 have at 
least 40 digital counts. The resulting images are parameterized and can be compared 
with the distribution of parameters of 333 events from the Hillas program processed 
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Table 2.1: Definition of Hillas parameters in terms of the light intensity in 
each channel (a,) and position in the focal plane (Weekes 
et al. 1989) 
preliminary quantity formula comments 
V_ (S iS iy i ) / (S j5 t )  
{ '^ iS iXiy i ) l {T , iS i )  
si ^ ® 2 
•''•u y"^  - f" 
d 
d+{sJd?+^Sly) l {2S^y)  
b  y  —  a x  
sin(^) y / r  transformation to 
ros{(9) x / r  ellipse frame 
q [ x  —  x )  sin(0) +  { y  —  y )  cos(0) distance from 
major axis 
Hillas parameter formula comments 
( W i d t h ( 5 2  +  0 , 2 5 2  _  2 a S ^ y ) / { l  +  a 2 )  
(Length)^ (5^ + a?Sy + 2aSxy)/{i + o-^) 
Miss abs(6/\/l + a^) closest approach of 
major axis to centroid 
Dist ^ y2 position of centroid 
Cone (5"] + S2)/(IliSi) fraction of signal in 
two highest channels 
Azwidth g2 _ 
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Table 2.2: Hillas parameter distributions for Hillas and ISU (in paren­
thesis) 
width length miss Cone azwidth 
mean 0.18(0.19) 0.31(0.32) 0.27(0.20) 0.74(0.71) 0.20(0.21) 
left dev. 0.09(0.07) 0.06(0.05) 0.20(0.13) 0.13(0.14) 0.08(0.07) 
rt. dev. 0.07(0.06) 0.10(0.07) 0.45(0.25) 0.14(0.13) 0.08(0.09) 
in a similar manner (Weekes 1989). Table 2.2 shows the mean and left and right 
standard deviations for each parameter. The left and right standard deviations are 
the standard deviations of those events having a parameter smaller than the mean 
find greater than the mean. The distributions are similar with ISU 7-raj's having 
better pointing properties and the Hillas -y-rays being slightly narrower. 
The most important parameter is azwidth. This single parameter is responsible 
for the 9 c detection of the Crab Nebula. Figure 2.16 shows the binned azwidth 
distribution for both simulations. As expected from Table 2.1, the distributions are 
quite similar. Normalizing each data set to 300 events and doing a test for a 
number of degrees of freedom, f, equal to 5 results in = 1.02. Only those 
bins containing more than 5 counts in both distributions were included. The two 
distributions are the same at the 40 percent level. 
The conclusion is that two completely independent Monte Carlo programs predict 
the 7-ray induced images have basically the same image characteristics. Since the 
Hillas program does a good job of predicting the distributions of proton images and 
both programs predict that 7-ray images have the same characteristics, this is good 
supporting evidence that by measuring the angular distribution of the light pattern, 
the background can be effectively reduced thus significantly enhancing the sensitivity 
'A the detector. In the following Sections, w? wani to quantify this enhancement and 
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explore the effect of the zenith angle of the observation on the effectiveness of the 
image selection algorithm. 
2.3. Zenith Angle Effects in the High Resolution Camera 
The two simulation programs agree at the zenith. The Crab database, however, 
shows definite zenith angle dependencies in the effectiveness of the azwidth cut. We 
want to use simulations at lower elevations to try to understand the effect of zenith 
angle on imaging. 
To accomplish this, sets of images at zenith angles of 30° and 45° have been 
calculated. The method of simulation is essentially the same as at the zenith. The 
only differences involve the path of the primary particle and the assumed sky noise. 
The following results, unless stated otherwise, are for the 109-element camera installed 
in the Spring of 1988 with 0.25° resolution. 
The main differences in going from the 37-tube to the 109-tube camera is in 
the gain (digital counts per photoelectron) and the pixel size. Currently, a good 
value of the gain for the high resolution camera is not available. To determine an 
approximate gain, we have used a small sample of proton simulations. These protons 
are not isotropicaUy distributed as is the normal case but have been simulated as if 
coming from a point source. 
In going from 37 to 109 phototubes, there has been an increase in trigger rate of 
50% for cosmic ray induced showers at the zenith. This is due to both a change in 
gain and an increased reflectivity of the mirror segments due to routine resurfacing. 
The effective gain of the simulated proton showers are increased until the number 
of proton events triggering the 109-tube camera is 50% greater than for the 37 tube 
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camera. There are 130 triggering proton events at the zenith for the 37-tube proton 
simulations using a gain value of 0.8. The simulations followed the same method as 
the 7-ray simulations except the energy index was 2.65 and the energy threshold was 
1 TeV. A total of 2184 events were calculated to get the 130 triggers. 
In order to raise this by 50%, we must make the gain equal to 1.4. The enhanced 
reflectivity is folded in with this since an increase in reflectivity is indistinguishable 
from an increase in gain (i.e., more digital counts for the same incident Cherenkov 
light). This is the gain used in the 109-tube 7-ray simulations. 
Since the primary particle is coming in at 30° or 45°, we must point the reflector 
to the arrival direction of the shower. The program normally uses a coordinate 
system in which x,y and z are west, north and down respectively. In going to off 
zenith simulations, the only change in the cascade is that the initial direction cosines 
of the primary 7-ray reflect the appropriate zenith angle with a randomly picked 
azimuthal angle. The telescope is assumed to be pointing at the arrival direction of 
the primary 7-ray. This means that a transformation of the Cherenkov light's path 
from the Earth frame to the frame of the telescope is performed to determine whether 
or not a photon hits the reflector and to properly propagate the photons to the focal 
plane. 
Also, the sky noise is increased with decreasing elevation. In the past, one value 
of sky noise, generally measured at the zenith, has been used in the simulations. The 
measured sky noise for the 109-tube camera is about 3.0 digital counts (Kwok 1989). 
Sky noise is caused by the fluctuations in the night sky light. There are three major 
components to this light; nightglow from excitation of the atoms and molecules in 
(he atmosphere, zodiacal light from the scattering of sunlight by interplanetary dust. 
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and starlight (Roach and Gordon, 1973). The zodiacal light and starlight will create 
a position dependence in the sky noise. The nightglow will result in a zenith angle 
dependence since lowering the elevation presents more of a target. The night sky 
light increases with zenith angle. These three components are generally co-equal in 
creating night sky light but the exact composition is strongly position dependent. 
Figure 2.17 shows the measured sky noise as a function of zenith angle for 10° 
increments in zenith angle. The sky noise has been determined by looking at the pulse 
height distribution for each phototube in files taken at 10° zenith angle increments. 
By taking the peak in the pulse height distribution as the pedestal value, the left 
hand side of the distribution should represent fluctuations about the pedestal since 
the Cherenkov light should only create positive excursions away from the pedestal. 
Calculating the left hand standard deviation of the pulse height distribution gives the 
value of the night sky noise. The data show a clear increase in sky noise with zenith 
angle. The noise goes from a value of 2.9 dig. counts per event at the zenith to 3.1 
at 30^ and finally to about 3.4 at 45°. These values are used at 30° and 45° instead 
of the zenith value. 
Attributing most of this increase to nightglow and not a positional dependence 
due to zodiacal or starlight can be qualitatively justified. The path length seen from 
a height, h, at a zenith angle, z, is given by the van Rhijn equation (van Rhijn, 1921) 
Since the factor of r/(r+h) is very close to one (r being the radius of the earth), V is 
nearly equal to (cosz)"^. Taking the square root gives the zenith angle dependence 
of the nightglow component. In Figure 2.17 we have included a graph of the expected 
noise if 1 digital count is due to airglow from a total noise of 3 digital counts. The 
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51 
Table 2.3: Azwidth for zenith noise vs. 45° noise 
for 45° simulations (0° noise —> 45° 
noise) 
camera zone mean azwidth left dev. right dev 
zone 1 .218->.254 .054-» .091 .060—> .089 
zone 2 .199->.245 .052->.059 .063->.069 
zone 3 .187->.218 .051->.065 .073-^.076 
zone 4 .166->.205 .043->.054 .053->.061 
zone 5 .143->.171 .033-».052 .061-^.109 
resulting noise suggests a similar dependence as that shown in the measured data. 
A change of 0.5 digital counts may seem trivial but it has a large effect on the 
parameterization of the image. Table 2.3 shows the effect of changing the sky noise 
in the 45" simulations from 2.9 to 3.4 digital counts. There is an appreciable change 
in the average azwidth parameter for each zone. 
The mean azwidth changes more dramatically than the standard deviation. The 
mean changes by about 0.04°. A typical error on the mean is 0.005°. The movement of 
the mean and the slight broadening will effect the efficiency and value of the azwidth 
cut. 
This is far from the final word on the effects of sky noise. This is simply an 
indicator that sky noise may be of tremendous importance in determining the dis­
tribution of Hillas parameters and, hence, in determining the efficiency of the image 
selection. The values for sky noise used in these simulations are somewhat ad hoc. 
The present results indicate that a very careful study of the noise in the direction 
of each candidate source as a function of zenith angle may be needed to properly 
perform an imaging analysis. 
The final change in going to the 109-tube camera is that the signal noise has been 
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measured to be ^l,35Rgig instead of the factor of 1.2 found in the 37-tube camera 
(Kwok 1989). 
Two possible zenith angle effects must be explored. The first concerns the col­
lection rate of 7-rays relative to the proton showers. The second is the effectiveness 
of the image selection algorithm. For the imaging effects, we will concentrate on the 
azwidth cut. 
2.3.1. Collection efficiency 
Is there any adverse affect on the collection efficiency (rate of detectable showers) 
of the Whipple Observatory detector as a function of zenith angle? Naturally, the 
rate should drop with zenith angle, but hopefully it does not drop faster than the 
collection rate for background cosmic ray showers. 
Table 2.4 shows the total number of simulations (tries) along with the number of 
triggering simulations (successes) for each set of showers. In order to reduce computer 
time, the simulations at lower elevations have been calculated at higher minimum 
energies. The 30° threshold is 150 GeV, and for 45° it is 300 GeV. The same energy 
dependence of is used. Figure 2.18-19 shows the energy distribution of triggering 
events for the 109-tube and the 37-tube cameras. The chosen threshold is a little 
tight at 0° and 45° but it is fair to say that the number of triggering events is not 
dramatically affected by the chosen threshold. 
The important numbers in Table 2.4 are those showing collection efficiency (total 
number of triggers) relative to the zenith. Also shown are the values for the simulated 
7-rays using the 37-tube camera and for the 109-tube cosmic ray efficiency following 
the measured cos®"®(0zen) dependence (Cawley et al. 1990). The normalization factor 
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Table 2.4: Zenith angle collection efficiency 
zen. angle tries successes norm factor rel. eff. 37-tube proton 
0" 3150 564 1.0 1.0 1.0 1.0 
30° 1444 480 1.31 1.11+/-.04 0.90 0.88 
45° 851 413 0.94 0.69+/-.05 0.60 0.73 
Table 2.5: Uncut excess from the Crab Nebula. 
elevation on source off source excess 
9 > 67° 238395 236340 2.98 0-
67° > g > 55° 165570 162914 4.63 a-
55° > 9 84239 84396 -0.38 <r 
is the number needed to multiply the number of successes to take into account the 
different number of simulations at each elevation and the different energy threshold. 
The most interesting feature is a clear excess of events at 30° relative to the zenith 
for the 109-tube camera. The collection rate at 45° has fallen to the proton level. 
The excess at 30° as compared to the zenith is in qualitative agreement with 
results from recent measurements from the Crab Nebula. Table 2.5 shows the dc 
excess in the uncut data for the Crab Nebula as a function of zenith angle (Lang 
1989). The Crab data shows an excess at both high and medium elevations. This 
excess may be due to the higher resolution of the new camera (Weekes 1989). Given 
the smaller pixel size, it is easier for the compact 7-ray images to trigger the detector 
since the requirement is that 2 of the inner 91 phototubes must have at least 40 
digital counts. As Table 2.5 shows, this excess in the uncut data is more pronounced 
at medium elevations than at high. This agrees with the simulation results. While 
the proton rate is dropping as the zenith angle goes from 0° down to 30°, the 7-ray 
collection rate is actually increasing! This helps explain the Crab Nebula results. 
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2.3.2. Azwidth efficiency 
The collection efficiency of the Whipple Observatory instrument for 7-ray showers 
is not hurt by zenith angle effects down to elevations of 45°. The next test concerns the 
behavior of the azwidth selection. We explore the efficiency of azwidth by comparing 
the 7-ray simulations to measured data taken from files at the appropriate elevation in 
Feb/March of 1989. The measured data was parameterized exactly as the simulation 
Rvents. 
Figures 2.20-22 shows the distribution of the efficiency of azwidth by zone and 
elevation. The error associated with each curve is typically about 0.5 close to the 
peak and decreases away from the peak. The efficiency is the fraction of 7-ray events 
having azwidth smaller than the given value divided by the fraction of protons in 
the same region. This is the increase in sensitivity expected by removing all events 
having a larger value of azwidth. At all elevations, the azwidth efficiency increases 
with zone. For any zone, the peak in the azwidth efficiency generally moves slowly to 
lower azwidth values as elevation decreases. The efficiency values indicate that the 
image selection should continue to work at lower elevations. 
If we take the peak of each curve as the value for the azwidth cut by zone and 
compare the total effect of the cuts at the three elevations we find that the efficiencies 
are 3.4+/-0.2 for the zenith, 3.6+/-0.4 for 30°, and 2.4-F/-0.2 for 45°. The optimum 
value of each cut is given in Table 2.6. This is an indication that the azwidth selection 
efficiency is relatively flat out to 30° and it begins to drop off from there. Still, the 
imaging should enhance the signal at 45° and the incentive to use image selection 
remains. 
The broad efficiency peaks and statistical error make these values only approxi-
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Table 2.6: Peak azwidth cut value by zone and zenith angle. Number of 
7-rays events in parentheses 
zenith angle zone 1 zone 2 zone 3 zone 4 zone 5 
0.26 (29) 0.24 (104) 0.20 (165) 0.20 (159) 0.18 (91) 
30° 0.21 (27) 0.19 (89) 0.17 (199) 0.17 (115) 0.16 (44) 
45' 0.20 (38) 0.18 (134) 0.16 (155) 0.14 (66) 0.14 (16) 
mate. The errors on the efficiencies are larger in zones 1 and 5 than 2,3 and 4 since 
these zones have fewer events. The point here is that picking the exact cut value is 
an art. not a science with the present statistics. Randomly moving each cut by a few 
hundredths of a degree would not irreparably harm the efficiency. 
It is interesting to see the images migrate to smaller zones as the elevation in­
creases. This is the effect of impact parameter. The zone containing the highest 
intensity is a function of how far away the shower core is. As the zenith angle in­
creases. the photons spread out more and are increasingly absorbed in the atmosphere. 
This makes it harder for showers with large impact parameters to trigger the camera, 
hence the movement to lesser zones. At the zenith, there are nearly as many trigger­
ing events in zone 4 as in zone 3. At 45°, the fraction in zone 4 is reduced and zone 
2 is now nearly coequal with zone 3. 
What is the effect of using the zenith angle cut values at 30° and 45°? Currently 
there is no correction made for zenith angle in the 109-tube imaging. If we use the 
zenith cut values at the lower elevations we find the azwidth efficiency for 30° is 
reduced to 2.9+/-0.3 and for 45° to 2.14-,-0.2. As expected, both are decreased 
by using the larger values corresponding to the zenith cuts. This is not a dramatic 
decrease since the azwidth cut is fairly robust as shown by the broad efficiency curves. 
There would be some benefit from putting in a zenith angle dependence but better 
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Table 2.7: Efficiency of azwidth selection on Crab data as a function 
of zenith angle 
elevation on uncut off uncut on cut off cut efficiency 
(^zen y 070 238395 236340 6823 5461 4.1+/-0.1 
67° > 9 > 55° 165570 162914 5492 4597 2.0+/-0.1 
55° > 9. 84239 84396 3058 2924 2.5+/-0.2 
statistics, especially in zones 1 and 5, are needed for a reliable dependence to be 
discerned. 
The present position of these cuts does not appear to lend itself to an easy zenith 
angle dependence in a zone independent way. The most general trend is that in zones 
1-3, there is a large difference in going from the zenith to 30° and a small change 
in going to 45°. In zones 4 and 5 there is an equal change in each interval. Given 
the uncertainties in the optimum cut values and the relatively slow rate at which 
they change, interpolation may be a sensible method for determining the best 7-ray 
domain for any elevation. 
How does the elevation affect image selection as measured by the Crab Nebula 
analysis? Table 2.7 shows the effect of the image selection on Crab data using similar 
cuts as the above with no zenith angle dependence (Lang et al. 1989). The efficiency 
of azwidth as a function of zenith angle is in qualitative agreement with that found 
through these simulations. The high elevation events show the best enhancement 
through imaging and the lower elevation data show less of an enhancement. 
To sum up, there are no fatal zenith angle effects in either the collection efficiency 
for 7-rays or in the efficiency of the azwidth selection. The azwidth selection efficiency 
does decrease at lower elevations but should still enhance the signal. 
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2.4. Energy Dependence 
Another possible source of bias in the imaging technique concerns the energy of 
the primary particle. A source with a very steep spectrum, for instance, would be 
expected to create a large fraction of triggers close to the detection threshold of the 
Whipple Observatory instrument. It may be that the noise in the system would make 
a more important contribution to low energy images making the Hillas cuts harder 
to pass. This could greatly effect the usefulness of imaging if the source spectrum is 
not Crab-like. 
2.4.1. Collection rate as a function of primary energy 
As with zenith angle effects, there are two areas of concern; the collection rate 
and the azwidth efficiency. We will explore the collection rate first. 
The number of triggering particles for the 109-tube camera is shown on a log scale 
in Figure 2.23. Both energy and pulse height for the zenith simulations are shown. 
An energy spectrum of index -2.25 was assumed to calculate each shower. What is the 
effect of the telescope on the incoming energy distribution? The distribution shows a 
few low energy showers then a peak which is assumed to be the energy threshold of 
the instrument. The region after the peak is linear over a restricted range for both 
pulse height and energy. Using the 0.4 - 0.9 energy range and the 400-2000 digital 
counts pulse height range, a At gives slopes of -1.94-/-.2 and -2.2+/-.I for the 
energy and pulse height Each fit is good at the 50 percent level. 
(Jonsidering that the incident spectrum has index 2.25, the telescope has the 
effect of slightly hardening the incident 7-ray spectrum. This should be expected 
since the larger the shower, the more likely it is to trigger the detector at any given 
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impact parameter. The pulse height spectrum is very close to the input spectrum 
and so is a little steeper than the energy spectrum. This is reasonable since the effect 
of impact parameter is to decrease the pulse height at any energy. 
Figure 2.15 showed the energy distribution of triggering showers at all three 
elevations. The effect of zenith angle on the energy threshold of the telescope is 
obvious. If we take the peak in the distribution as the effective energy threshold 
of the telescope for the 109-tube camera, the threshold moves from 0.3 TeV at 30° 
to about 0.6 TeV at 45°. This effectively doubles the energy needed to trigger the 
detector. If an estimate of the slope just beyond the peak is made for the 30° data 
and the 45° data, slopes of 3.1+/-0.3 and 2.3 +/-0.3 are found. The large slope at 
30" may be related to the increase in the collection rate at 30°. 
The effect of primary energy on the collection efficiency of the detector is rela­
tively small at energies higher than the threshold energy of the experiment. The only 
adverse effect is the large increase in threshold energy at low elevations. 
2.4.2. Energy dependence of the Hillas parameters 
To find the effect of primary energy on the recorded Cherenkov image, the trig­
gering simulation events are binned into three energy regimes. The 109-tube camera 
data at the zenith are divided into events with energy less than 0.35 TeV, energy 
greater than 0.65 TeV, and those between 0.35 and 0.65. This gives us sets of 197, 
18!), and 177 events. What is the distribution of Hillas parameters in each energy 
region? 
Table 2.8 shows the mean of each parameter. There is a decrease in the most 
important parameter, azwidth, as the energy of the primary is increased. The most 
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Table 2.8: Effect of primary energy on Hillas parameters 
energy(TeV) width length miss Cone azwidth 
E< 0.35 0.196 0.306 0.263 0.468 0.217 
0.35 < E < 0.65 0.198 0.299 0.180 0.428 0.208 
0.65 < E 0.184 0.285 0.133 0.418 0.189 
dramatic effect is in the parameter miss, dropping by over 0.1° as the energy increases. 
The parameters width and length show slight decreases. Since the lower energy 
showers are closer to the detection threshold, their images are more influenced by 
noise. This is reflected in Table 2.8. A typical error for each mean is about 0.005 so 
the movement is significant. 
If we use the values of the azwidth cut found earlier and calculate the number of 
triggering events passing the cut as a function of zenith angle and energy we should 
be able to see the total effect of zenith angle and primary energy on the azwidth 
selection. Table 2.9 shows a definite bias towards high energy primaries passing the 
azwidth cut at a higher rate than the lower energy 7-rays. Again, this would probably 
have devastating effects only for an extremely steep spectrum. The combined effect 
of high energy showers being both more efficient at triggering the camera and being 
better at passing the azwidth cut should not be ruled out as possibly effecting the 
detection of a candidate source with imaging. Whether or not such selection effects are 
at work in any of the sources in the Whipple database is unknown. More simulations 
and observations are needed to verify and quantify these conclusions. 
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Table 2.9: The effect of zenith 
angle and energy on 
percentage of 7-ray 
showers passing the 
azwidth cut 
low mid high 
0° 47-f/-5 69+/-6 78-f/-6 
30° 424-/-5 48-|-/-6 68+/-6 
45° 40+/-5 47+/-6 83-f/-8 
2.5. Summary 
The good news from all of this is the completely independent verification of 
the benefits of Cherenkov imaging. By measuring the angular distribution of the 
light image, the background problem in TeV astronomy can be greatly reduced. A 
comparison of simulated 7-ray shower images with those measured by the Whipple 
'.Observatory telescope shows that the sensitivity of the instrument can be increased by 
over a factor of three by rejecting those showers whose images show the characteristics 
of proton showers. This is supporting evidence that the imaging detection of the 
Crab Nebula is not due to some systematic error but that this technique is truly an 
advancement in ground-based 7-ray astronomy. 
Zenith angle effects should not have any devastating eff'ect on the effectiveness 
of the Whipple Observatory detector for successfully collecting and imaging the light 
from source 7-ray showers. There could be some adverse effects when the energy and 
zenith angle dependencies are combined. It appears that the most energetic primaries 
nre better at passing the azwidth selection. The possibility of the energy spectrum 
of n, source diminishing the ability of the Whipple instrument to successfully detect 
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it cannot be ruled out although only extremely steep spectra should be effected. 
There is no reason for imaging to fail on a source simply because of the most obvious 
properties of the incident 7-rays. 
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3. HARDWARE TEST OF IMAGING; MUON TELESCOPE 
While definite predictions about the value of Cherenkov imaging are made through 
simulations, the actual performance of the telescope is less certain. It would be valu­
able to know how well the focal plane camera performs on an image less complex 
than the light from a full shower but still coming from the atmosphere as a naturally 
occurring effect. A successful search for such a feature would go a long way towards 
justifying our confidence in the imaging process. This experiment has been done using 
the simplest image possible — the Cherenkov radiation from a single particle. 
If a charged particle traveling above the local Cherenkov threshold has a very 
small angle of incidence with respect to the optic axis of the 10 meter reflector, the 
Cherenkov radiation will be focused into a circle of light in the focal plane. This is 
because the light emission is at one angle, the Cherenkov angle, cylindrically about 
the trajectory. Since each photon hits the reflector at the same angle of incidence, the 
displacement in the focal-plane is the same which results in a circle. By triggering the 
10m reflector and focal plane camera on such a particle, an image of a "Cherenkov 
ring" should result. 
This experiment will give two kinds of information. First it will indicate how 
well the telescope and associated electronics are working. Detecting the expected 
rings will show that the detector is functioning correctly. Secondly, some qualitative 
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information about the calibration of the detector will result. If the pulse height in a 
ring has a value close to that expected as calculated in Section 3.1, the response of 
the system to a single photon is well determined. The experimental setup is described 
in Section 3.2. The successful search for the expected images is covered in Section 
3.3. All results are for the 37-tube camera. 
3.1. Expected Light Pattern 
The signature of a typical event can be estimated by considering a normally inci­
dent particle and using reasonable values for the characteristics of the air Cherenkov 
telescope and the 37-tube camera. More detailed calculations using simulations will 
follow. 
The threshold for Cherenkov emission is defined by the requirement that 
cos dc = l/(/?Ti) < 1.0 
where 0 is v/c, n is the index of refraction for the medium and 6c is the angle of 
emission relative to the trajectory of the particle. 
With the earth's atmosphere being the medium of interest, 
n = 1.0 4- 2.9 X lO'^e-A^^O 
The scale height, /iq, is about 7.1 km. Writing the index of refraction of the atmo­
sphere as T? = 1 -I- t; and using 
/3 = /l - 1/72 
gives an emission angle for large 7 and small 77 of 
9  =  \ j 2 j ]  4- 1/72 
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Coinbiiiiiig this with the expression for the number of Cherenkov photons emitted 
per unit path length (Jelley 1958) 
d N / d L  = 27ra(l//i - l / f 2 ) 8 h i ^ 6 ,  
where a is the fine structure constant and f i  and /2 define the lower and upper 
frequency limits of the RCA 6342A/V1 phototubes used in the 37-tube camera (about 
300 and 650 nm), plus the geometry of the 10 meter diameter reflector results in 
N p h  =  9 x  103(0/1.2°) 
This is the total number of photons which would hit the 10m reflector for a charged 
particle passing down the optic axis of the Cherenkov telescope as a function of 
emission angle in degrees. The reflectivity of the mirror segments is conservatively 
taken as 0.6 and the fraction of the focal plane covered by photocathode is about 
0.5. These numbers and a calculated pmt efficiency of 0.14 from the responsivity of 
the phototubes weighted by the Cherenkov spectrum without atmospheric absorption, 
along with a jneasured ratio of digital counts per photoelectron of 0.7 gives a recorded 
intensity of 
Ndc = 300(0/1.2°) 
The number of phototubes contributing in each zone is proportional to 6 .  Zone 1 
has fi phototubes at a displacement of 0.5°. Zone two features 12 phototubes at a 
distance of about 1.0°. This means that the expected signal per tube is close to 20 
digital counts independent of zone. Zone 3 is more difficult to create a ring in since 
some tubes in this zone are 1.5° away from the center of the focal plane which is 
greater than the maximum emission angle. 
71 
To get a more exact estimate, a Monte Carlo simulation of this process involving 
the aberrations inherent in the 10-meter reflector and both the sky and electronic 
noise treated as in Chapter Two has been applied. The conclusion that rings should 
be seen at a signal level of about 20 digital counts per tube is unchanged. Figure 3.1 
shows some examples of Monte Carlo rings. Since the standard deviation of the sky 
noise in each channel is close to 5 digital counts, the signal should be seen over the 
fluctuations. 
Rings are not the only structures present. If the Cherenkov angle is smaller than 
the particle's angle of incidence, a displaced ring may result. If the Cherenkov angle 
is large, we could get most of the circle moving so far out in the focal plane that only 
an arc of a ring is left. Figures 3.2-3 show examples of these possible features based 
on the simulations. These features will be searched for since they should be more 
numerous than rings and would be good supporting evidence that the rings are from 
local Cherenkov light and not chance. 
The number of events found will depend on the composition of local cosmic ray 
flux. Figure 3.4 shows the composition of cosmic rays as a function of depth (Peters 
1960). Muons and electrons are by far the most prevalent. The local Cherenkov 
threshold at the level of Mt. Hopkins (780 g/cm^) for muons is 5 GeV and for electrons 
25 MeV. Each triggering particle is part of an air shower and will be accompanied by 
many other particles. 
The number of useful muons is at least a factor of ten greater than for electrons. 
In addition, the effect of multiple scattering and ionization losses will decrease the 
number of useful electrons even further. The scintillation telescope could accurately 
he called n, "muon telescope". 
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Figure 3.2: Examples of Monte Carlo muon arcs 
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Figure 3.4: Cosmic ray content as a function of depth (Peters 1960) 
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3.2. Scintillation Telescope 
To detect these single particle events two detectors have been mounted paraxially 
to the 10 meter reflector (Figure 3.5). Each detector consists of a segment of fast, 
plastic scintillator with surface area 220 cm^ and 4 cm thickness. An Amperex 56AVP 
photomultiplier tube detects the charged particle passage. This is mounted in a 
compact, weather-proofed, plexiglass box. A coincidence between detectors is used 
to externally trigger the focal plane camera which records the Cherenkov light. A 
complete description of the Cherenkov telescope can be found elsewhere (Cawley et 
al. 1985a; Cawley et al. 1990). Here we will concentrate on the interface between the 
air Cherenkov telescope and the scintillation telescope. 
The output pulse from each phototube is put through the same amplifiers and 
discriminators used by the camera channels (Figure 3.6). The discriminator outputs 
are sent through a coincidence unit which detects an overlap within a narrow window 
of 10 nsec, the width of the discriminator pulse. A coincidence results in a pulse being 
sent to a fan in/fan out unit which gates the ADC's and a second pulse which lets 
the encoder box know which device has supplied an external trigger. Coincidences 
between the scintillators and the 10-meter reflector are noted as being distinct from 
a particle trigger alone through an event code generated by the encoder box. 
Delay cables are required between each particle detector and the amplifier to 
account for the time of flight from the front to rear detector, 31 ns, and to match 
the arrival time of the particle detectors signal with the expected pulses from the 
focal plane camera, about 100 nsec. This includes the time of flight of the Cherenkov 
light from the reflector to the focal plane and the time delays caused by differing 
paths through the electronics. The time delay through the electronics was measured 
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by artificially triggering both a camera channel and a scintillation telescope channel 
with a light emitting diode. This ensures that the ADCs are gated at the proper 
time. 
The voltage setting for each detector is obtained by maximizing the cosmic ray 
counting rate in coincidence with two other detectors. A typical operating voltage 
is 150(1 V. With the telescope pointing at the zenith, the coincidence trigger rate is 
about. 10 per hour. The two detectors have singles rates of 50 Hz and 20 Hz. This, 
along with the 10 nanosecond coincidence window, gives an expected accidental rate 
of 7 X 10~^ per hour. The accidental rate has been tested by inserting delay cables 
ill one channel and found to be negligible (<< 1 per hour) as expected. Therefore 
the coincidence rate represents valid charged particle triggers. 
The telescope described is actually the second version. The first had detectors 
with four times the surface area for approximately 16 times the collection rate. This 
is the only important difference between the two versions. The original detectors 
were replaced to decrease the number of triggers with large angles of incidence and 
to improve the durabiUty of the individual detectors. In practice, the collection rate 
with the original detectors was about 175 events per hour at the zenith. About 90 
percent of the muon database is from the initial configuration. 
An estimate of the particle energy required for triggering the detectors is cal­
culated by comparing the zenith angle rate with what is expected from cosmic ray 
muons. The rate of 10 per hour corresponds to an absolute flux of 4.6 x 10"^ muons 
cm~^.s~^sr~^. If we compare this to the flux at sea level ignoring any correction for 
elevation, as shown in Figure 3.4 or 3.7, this corresponds to an energy threshold of 
less than 0.1 GeV. There is very little rejection of charged particles that hit both 
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detectors. 
The threshold energy for emitting radiation at Mt. Hopkins is 5.3 GeV. The 
flux of particles having energy greater than this is 4 x 10"^ cm~^8"'^sr~^. This 
corresponds to one emitting particle per hour, about 10% of the events. 
In Figure 3.8, the effect of elevation and zenith angle on the flux of cosmic rays is 
shown (Hayakawa 1969). The fact that most of the observations are not at the zenith 
has an effect on the number of rings expected. The differential intensity at 5 GeV is 
down by a factor of 5 at 68° as compared to the zenith. At 10 GeV the difference is 
still a factor of nearly three. Therefore the rate of emitting events is probably close to 
one every four hours for the smaller set of detectors since 68° is not an unreasonable 
estimate of the average elevation. This should still correspond to roughly 10% of the 
events although the effect of zenith angle is to make the spectrum flatter. 
A look through the Monte Carlo database suggests that around 80% of these 
events will not create an easily recognizable feature such as an arc or a ring. Also, 
of the identifiable features, fewer than 5 percent of these are rings. This makes rings 
an extremely precious commodity. It may take several hundred hours of run time to 
find an good candidate for a Cherenkov ring. One event in 1000 may be a ring. 
3.3. Results 
The experiment to search for single particle Cherenkov events ran intermittently 
with the 37-tube camera from April 1987 to February 1988. In that time, over 20000 
events were collected. From the above calculation, there should be fewer than 20 
rings to be found in the muon database. 
Each event was selected from the raw data files based upon the event code signi-
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fyiiig a. muon trigger. Each event is flat fielded according to the method described in 
Chapter Two except that nitrogen gains were used instead of gains calculated from 
the cosmic ray spectrum. 
The muon event database is searched for evidence of Cherenkov events yield from 
the simulations. A tight search algorithm was meant to find events with rings in any 
zone and very little signal in the other channels. A less restrictive algorithm was 
meant to find other structures such as arcs or displaced rings. 
Figure 3.9 shows the pulse height distribution of events from the muon telescope 
database, from the Monte Carlo simulation of muon events and from a sky pedestal 
file. Remember that a sky pedestal file consists of events that are artificially triggered 
in order to record the noise from the night sky. For each data set, phototubes with 
signal less than zero after flat fielding are set to zero. If the muon telescope is 
looking at nothing but fluctuations in the night sky, we would expect the pulse height 
distribution of events to be similar to the distribution of sky pedestal events. The two 
distributions are different which means that the muon telescopes is not simply looking 
an empty sky. In fact, a close look at the distribution of pulse heights in the muon 
database shows evidence of two different components. There is a small plateau at a 
value of 70 digital counts, close to the maximum of the sky pedestal distribution. It 
appears that the muon database is the combination of a sky pedestal like component 
and a Cherenkov component. 
Sincc a only about 10% of the total number of triggering events are due to parti­
cles above the Cherenkov threshold, it is surprising that the pulse height distribution 
shows more of a Cherenkov component than a sky pedestal component. The greater 
pulse height arises because the presence of triggering particles — whether or not they 
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themselves are above the Cherenkov threshold — is an indicator of an air shower in 
the area. The Cherenkov light detected can come from other particles accompanying 
the triggering particle. This also means that the triggering particles that do emit 
Cherenkov light may have their signal contaminated by other local muons. The rings 
and arcs may not be as clean as we would like. 
3.3.1. King search 
We will begin our search for the expected features by looking for pure Cherenkov 
rings. Rather than looking at all 20000 events individually, a search algorithm based 
upon the Monte Carlo results is applied. We want a fairly restrictive algorithm which 
can pick out Cherenkov rings. This tight search algorithm demands the following 
attributes — 
• The pulse height from all tubes must be between 100 and 400 digital counts. 
• In a zone containing a candidate ring, at least 50% of the tubes must have at 
least 10 digital counts. 
• Of the tubes not participating in the ring, at most 20% of these can have 10 
digital counts or more. 
• The average of all tubes in the candidate ring must be at least 10.0 digital 
counts. 
This search algorithm was meant to find candidate events which have ring-like 
structures and a minimum amount of signal in tubes not participating in the ring. 
When this algorithm is applied to the 17000 event sky pedestal database, 3 events 
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pass. The sky pedestal file is taken with a trigger requirement that 4 of the inner 
19 tubes in the camera have a 40 digital counts. This decreases the rate of normal 
Cherenkov triggers so the artificial 10 Hz trigger cleanly samples the night sky. Some 
true Cherenkov events can pass the 4/19 cut, however, which means that the sample 
is not pure. All three events passing in the sky pedestal database are from triggering 
Cherenkov events. This shows that the muon triggers passing this test are definitely 
not built up from noise. 
When applied to the muon database 93 events pass. These events were then 
searched manually for evidence of Cherenkov rings. Figure 3.10 shows examples of 
possible rings. These and other examples from the muon database have been cleaned 
up by zeroing tubes with 5 digital counts or less. The event on the top-right is 
probably the most compelling example. The ring is in zone 2 and shows some nice 
characteristics. For instance, the maximum signal is around 20 digital counts as we 
expected. Also, the tubes on the corners of the hexagonal pattern in zone 2 are 
slightly farther out than the tubes in the center of the sides. The signal in the corner 
tubes are uniformly larger than in the tubes occupying the center of the sides. This 
is just what is expected from a ring falling in the outer region of zone 2. These events 
suggest that we have successfully recorded muon rings. 
3.3.2. Arc search 
As mentioned above, other features such as arcs or displaced rings should be 
more numerous than the rings themselves. To support our contention that the events 
shown above are true Cherenkov rings we will perform a less restrictive search for 
other structures. The signature of these events does not lend itself to an easy pattern 
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Figure 3.10: Candidate rings from the muon database 
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scanning algorithm. We will simply keep all events having pulse heights close to that 
expected from the simulations. 
A search requiring only that the pulse height be between 100 and 400 digital 
counts has been applied. This results in 3700 muon events passing the cuts. A total 
of 97 sky pedestal events pass this cut. Again, this indicates that it is very difficult 
for noise to be responsible for these features. This is a far less restrictive search and 
the resulting data was then scanned for possible structure. 
Dividing the features into arcs and displaced rings, Figures 3.11-12 show some 
examples. The categories of arcs, rings and displaced rings is crude and sometimes 
leads to overlapping. It is not certain how to categorize some events. The displaced 
rings and arcs shown are similar to those the Monte Carlo program calculates. This 
is more evidence that we are seeing Cherenkov radiation from single charged particles 
and that the features are close to what was expected. 
3.4. Summary 
The search for Cherenkov emission from single charged particles has been suc­
cessfully based upon several factors. First, the pulse height spectrum of these events 
is much different than that expected due to noise. More importantly, a very restric­
tive search for Cherenkov rings based on the Monte Carlo predictions of the expected 
light yield does turn up some excellent candidates close to the expected rate. Also 
a search for possible arcs and displaced rings, although with a very loose search al­
gorithm turns also finds good candidates. A search of a control sample from the sky 
pedestal files shows that these events are not built up from noise. 
This is a good indicator that the Cherenkov telescope was operating as it should 
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Figure 3.11: Candidates for arcs from the muon database 
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Figure 3.12: Examples of displaced muon rings from the muon database 
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over Uie period of time that the muon experiment was running. The fact that we 
are able to successfully record a subtle image like this confirms that the detector is 
working properly and is well suited for recording the more complicated light patterns 
from full air showers. 
We also can get some qualitative information on the calibration of the air Cherenkov 
experiment. Several factors go into predicting the response of the system to a single 
Cherenkov photon. These include the reflectivity of the mirror segments, losses in 
the focal plane, pmt efficiency, and the gain of the recording electronics. A compari­
son of the simulated events and those found in the muon database shows the typical 
intensity in a phototube to be similar. The fact that the candidate Cherenkov events 
have pulse heights close to what we expected means that we understand the response 
of the system to a single photon well. Given the small number of events involved 
and uncertainties in the primary energy and angle of incidence it is not possible to 
give a more quantitative estimate of the gain from these events. It is fair to say that 
agreement to within a factor of two is indicated. 
92 
4. TeV OBSERVATIONS OF MASSIVE X-RAY BINARIES 
Testing Cherenkov imaging in the previous Chapters has helped verify the tech­
nique as a useful solution to the background problem in TeV astronomy. It was shown 
in Chapter Two that the imaging technique is an effective way to reduce the cosmic 
ray background and increase the sensitivity of an air Cherenkov telescope. We have 
also shown that the Whipple instrument is sufficiently sensitive — as indicated by 
the ability to detect the low intensity single muon images — to act as an excellent 
imaging telescope. These results help confirm the landmark detection of the Crab 
Nebula through the application of Cherenkov imaging. 
The application of this technique is the next piece of business. X-ray binaries are 
an important class of possible TeV source. We want to apply the imaging technique 
to an interesting pair of candidate sources; X-ray binaries 4U0115-f63 and V0332-f-53. 
Tt is useful to divide neutron star X-ray binaries into distinct classes according 
to the optical properties of the companion star (Bradt and McClintock 1983). Low 
mass X-ray binaries, represented by objects like Hercules X-1 and Cygnus X-3, have 
a companion mass typically less than 1 Mg. Both 4U0115 and V0332 are members 
of the largest subclass of massive X-ray binaries — those with Be companions (van 
den Heuvel and Rappaport 1987). These systems are characterized by hard, transient 
X-ray outbursts and wide orbits. Figure 4.1 shows the characteristics of several X-ray 
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binary systems including 4U0115 and V0332. 
Whipple observations of both objects began in Fall 1985 and have continued 
since. The database used in this analysis consists of over 70 hours of observations 
covering 31 nights for V0332 and 125 hours over 60 nights for 4U0115. An analysis of 
the 1985-1986 data has been reported previously (Cawley et al. 1985b). The present 
work is a. comprehensive analysis of the entire Whipple database using both uncut 
and azwidth selected data. 
In Sections 4.1 and 4.2 the most salient properties of these two binary systems 
will be reviewed. This enables us to make a comparison with the information from 
Section 4.3 which is a review of the proposed mechanisms for the emission of TeV 
7-rays from accreting binary systems. Included in Section 4.3 is an overview of TeV 
detections of the three best known sources; Cygnus X-3, Hercules X-1, and Vela X-1. 
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The characteristics of these systems as compared to 4U0115 and V0332 will give some 
insight to the results of the analysis. 
After outlining the treatment of the raw data in Section 4.4, the objectives for the 
analysis are discussed in Section 4.5. There are several components to this analysis. 
The first objective is to try to find evidence of a periodicity in the data commensurate 
with a periodicity in the binary system. This may be the neutron star rotation period 
or the binary orbit period. The possibility of emission on time scales of 30 minutes 
or less is tested in Section 4.6. Sections 4.7 and 4.8 test for emission on longer time 
scales — nights and groups of nights. 
A test for an excess of showers from the direction of these two sources independent 
of any time signature is done in Section 4.9. Like the tests for periodicity, this test 
will show little evidence for the emission of TeV 7-rays from either object. These 
objects could conceivably be TeV emitters, but if so they are highly transient. 
4.1. Properties of 4170115+63 
4U0115+63 is unique in that it may have been discovered as a TeV source. 
TJsing drift scans of constant declination, the Crimean Astrophysical Observatory 
group detected a source at the 3cr level denoted Cas 7-I, at a declination of 62° and 
a right ascension of 1:16 (Stepanian et ai. 1975). The 1984 detection by the Durham 
group (Chadwick et al. 1985a), when coupled with the positional coincidence and the 
relative paucity of TeV 7-ray sources make it very likely that 4U0115 and Cas 7-I 
are the same (Lamb and Weekes 1986). The Durham group observed 4U0115 based 
upon its similarities with Hercules X-1 in terms of pulse period, period derivative and 
X-ray luminosity. 
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All unidentified 100 MeV source seen by the SAS-2 experiment is within the error 
box of Gas 7-I (Vladimirsky et al. 1974; Houston and Wolfendale 1983). The Cos-B 
experiment did not see the 100 MeV source and there was an unsuccessful TeV search 
reported (Weekes 1973) which would indicate that this object is highly variable at 
7-ray energies. TeV observations made after the Durham detection reported only 
weak evidence for emission (Lamb et al. 1986; Resvanis et al. 1986) which further 
supports the transient nature of the possible TeV emission. 
4U0115 was discovered in X-rays in by the UHURU satellite (Forman et al. 1976). 
The orbital elements and pulse period were established through pulse timing of an 
X-ray outburst in 1978 (Cominsky et al. 1978; Rappaport et al. 1978) and further 
refined from the analysis of an outburst in 1980 (Ricketts et al. 1981). The orbital 
parameters are listed in Table 4.1. 
There seems to be a quasi-periodicity of about 2-3 years between outbursts. 
4U0115 is something of a laboratory for studying the dynamics of accretion. The 1980 
outburst was preceded by brightening of the Be companion (Kriss et al. 1983). The 
X-ray emission began roughly 60 days after this brightening which is interpreted as 
the time taken for the formation of a stable accretion disc followed by the disc moving 
in far enough for accretion onto the neutron star to take place. This established the 
X-ray emission as being tied to the episodic mass ejection of the companion star. In 
addition, the most recent outburst in the March 1987, was preceded by enhanced 
optical emission (Tsunemi and Kitamoto 1988). 
The optical companion is a reddened Be star (John's Star, Hutchings and Cramp-
Ion 1981) and the distance to this system is about 3 kpc. 
As mentioned earlier, 4U0115 is similar to Hercules X-1 in several respects in-
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Table 4.1: Characteristics of V0332 and 4U0115 X-ray binary systems (Stella 
et al. 1986 and reference therein) 
P, Porfc Lz(max) La;(max)/La.(min) ajB sin(i) e 
V03324-53 4.375 34.25 8 X lOSG > 2.3 X 10^ 48 0.31 
4U0115-t-63 3.614 24.3155 2 X lO" > 1 X 10^ 140.13 0.34 
eluding pulse period, pulse period derivative and the detection of cyclotron features 
in the X-ray spectrum (Wheaton et al. 1979). It is also very similar to V0332 in 
almost every respect. 
4.2. Properties of V0332-f53 
Transient X-ray binary V0332-I-53 was initially discovered by the Vela spacecraft 
in 1973 (Terrell and Priedhorsky 1984). There was a rediscovery in 1983 by Tenma 
(Tanake et al. 1983) and EXOSAT (Stella et al. 1985). The neutron star has a Be 
companion and is at a distance of 2-5 kpc (Honeycutt and Schlegel 1985; Stocke et 
al. 1985; Corbet et al. 1986). The same correlation between X-ray emission and the 
behavior of the companion star found in 4U0115 occurs in V0332. During part of the 
1983 outburst, the companion star brightened by 0.8 magnitudes in the infrared and 
the next day the X-ray source was observed to turn on. 
An extremely hard X-ray spectrum and two different types of transient behavior 
along with Cyg X-1 like flickering make V0332 an interesting X-ray object. The initial 
observations by Vela revealed a 100 day outburst that had a symmetrical rise and fall 
and showed no evidence of any periodicity. At its peak this burst gave V0332 about 
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1.4 times the X-ray intensity of the Crab. Afterward, it was not seen again until the 
1983 outburst. The rediscovery was at a much reduced luminosity and the transient 
heha,vior was linked to the orbital period with emission close to time of periastron 
passage. 
These observations determined the pulsar period to be about 4.4 seconds with 
a double pulsed light curve at low X-ray energies and a singly pulsed component at 
higher energies and when the source is in a state of reduced luminosity. There is 
evidence for X-ray variability on a time scale of seconds similar to that found in black 
hole candidate Cygnus X-1 although the mechanism is probably different (Stella et 
al. 1985). 
As shown in Table 4.1, these two binary systems are very much alike. The 
companions stars are both Be stars and the binary orbits are both wide, eccentric 
orbits. The pulse periods are close and the ratio of maximum to minimum X-ray 
luminosities is similar. If one of these objects is a TeV source, it seems likely that 
the other would as well. Before we begin the analysis of these sources, a look at 
the mechanisms of TeV emission and the characteristics of the most detected sources 
would be beneficial. 
4.3. TeV Emission from X-ray Binaries 
As noted, X-ray binaries constitute an important class of claimed TeV source 
with detections reported from Hercules X-1 (Dowthwaite et al. 1984; Gorham et al. 
1986), Vela X-1 (Raubenheimer et al. 1989), and 4U0115-f63 (Chadwick et al. 1985a). 
Also Cygnus X-3, while a mysterious and controversial object, is widely supposed to 
be an X-ray binary type system which is also seen at TeV energies (Stepanian et al. 
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1982; Lamb et al. 1982). These sources differ from fast pulsars like the Crab in several 
respects, not least of which is the report of PeV (10^® eV) emission from several of 
these objects (see Samorski and Stamm 1983 for Cyg X-3; Protheroe et al. 1984 for 
Vela X-l;Dingus et al. 1988 for Hercules X-1) while fast pulsars have yet to be seen 
at PeV energies. The presence of the main sequence companion makes these objects 
much more complicated but also more fascinating. 
As a prelude to applying the imaging technique to massive X-ray binaries 4U0115+63 
and V0332+53, a review of some salient results in TeV astronomy concerning TeV 
emission from accreting binary systems would be useful. We want to concentrate on 
some of the proposed emission mechanisms and review the observational evidence for 
TcV emission from three well known X-ray binary systems; Hercules X-1, Cygnus 
X-3 and Vela X-1. The characteristics of these objects will enable us to make a clear 
comparison with the results of the analysis of the two Be star binaries, 4U01154-63 
and V0332+53. 
4.3.1. Emission Mechanisms 
In order to make TeV photons, a source must provide two mechanisms. The 
first is a way to accelerate charged particles and the second is a way for these highly 
relativistic particles to emit TeV 7-rays. The current state of the theory of TeV 
emission from X-ray binaries is oriented towards three possible mechanisms: pulsar 
acceleration, shock acceleration, and acceleration by the potential developed along 
an accretion disc. Most mechanisms concentrate on explaining the emission from 
Hercules X-1 and Cygnus X-3, the two best known TeV sources (see Hillas 1986 
or Lamb and Weekes 1987 for reviews). It is important to note that all theories 
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are a posteriori. There was no hint that these objects might be such tremendous 
accelerators of charged particles. 
The pulsar acceleration mechanisms rely on the rotational energy of the neu­
tron star to accelerate electrons which emit TeV photons through bremsstrahlung 
(Vestrand and Eichler 1982) or curvature radiation (Cohen and Mustafa 1987). The 
accelerated particles could also be protons which interact with a target to produce 
7r'"s which then decay to TeV photons (Eichler and Vestrand 1985). 
The large electric fields caused by the coupling of the rotation of the neutron star 
and the large magnetic fields (B > 10^^ gauss) create electric fields on the order of 10^^ 
V/cm (E a ujBRo with w the angular velocity and R the radius of the neutron star) 
for fast pulsars and possibly approaching 10^^ V/cm for the slower binary sources. 
The rotational energy of the neutron star is certainly at work in the TeV emission 
from fast pulsars like the Crab but the more slowly rotating neutron stars in X-ray 
binaries are much less efficient at turning the rotational energy into the observed TeV 
luminosities. 
For instance, if the rotational energy of the neutron star is taken to be Iuj^ where 
I is the moment of inertia of the neutron star and w the angular velocity, the power 
tapped from this source will be lùu. If one adopts a canonical value for the neutron 
star mass of XAMp) and a radius of 10 km, in order to get more than 10^® ergs/s from 
4U0115 the period must be changing at a rate of 7 x 10~®aa~^. This is several orders 
of magnitude greater than the change in period detected in X-ray binaries even when 
accretion is taking place which is the time when the period is changing most rapidly 
(but spinning up instead of down). The same argument can apply to Hercules X-1 
(1.24 second period) and especially Vela X-l(283 second period). 
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The shock wave mechanisms rely on the statistical acceleration of protons or ions 
and an interaction in a beam dump area to produce neutral pions which decay to TeV 
7-rays (Eichler and Vestrand 1985; Kazanas and Ellison 1986; Kiraly and Meszaros 
1988). Shock acceleration may be the most effective and appropriate mechanism for 
TeV sources such as Hercules X-1 and 4U0115. The basic scenario is that the infalling 
matter is accelerated by collisions with other particles or with inhomogeneities in the 
magnetic field. This has the benefit of tapping the large accretion energy of the 
system. 
The accretion disk emf mechanism utilizes the fact that a stable, highly con­
ducting accretion disc in the magnetic field of the neutron star will develop a large 
potential difference along the disk (Chanmugam and Brecher 1985). This is similar 
to the unipolar inductor model of active galactic nuclei (Lovelace 1976). The TeV 
emission results from the interaction of the proton beam, which is emitted perpendic­
ular to the disk, with a gas target as in the shock wave mechanism or possibly even 
X-ray photons from the neutron star. This mechanism is best for smaller magnetic 
fields and high accretion rates since the important quantity is the component of the 
magnetic field perpendicular to the disk and the closer the inner edge of the disk 
comes to the neutron star, the better. Strong magnetic fields which would tend to 
dominate the accreting matter are not conducive to such a mechanism. 
All of these mechanisms may have problems for sources like 4U0115 and V0332-f 53 
which are slow rotators and do not generally have a stable accretion disc in place. 
The episodic mass ejection from the companion stars is linked to X-ray outbursts. 
This hints that there is usually very little matter available to feed the disk emf or 
shock mechanisms. The possibility that these sources are wind accreters (Stella et al. 
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1986), however, could have an important effect on the availability of matter. Also, the 
magnetic field of 4U0115 based upon the detection of cyclotron resonance absorption 
in the X-ray spectrum is estimated to be about 2 x 10^^ gauss which causes problems 
for the disk emf mechanism. 
It appears that all the mechanisms have some problems. Let us now consider 
the mass accreting binary systems which are the most likely emitters of TeV photons. 
Their characteristics will give us some insight into the results of the analysis of 4U0115 
and V0332. 
4.3.2. Binary X-ray TeV Sources 
The most convincing reports of TeV and PeV 7-ray emission from X-ray binary 
•systems comes from two low-mass X-ray binaries, Hercules X-1 and Cygnus X-3, and 
one high-mass binary. Vela X-1. These systems are very different and span at least 
two orders of magnitude in terms of pulse period, orbital period, and time scale for 
emission. 
4.3.2.1. Cygnus X-3 Cygnus X-3, the most observed yet also the most con­
troversial ob ject at PeV and TeV energies, is assumed to be a low-mass X-ray binary 
system. This object has been claimed as a source of neutral particles with energy 
greater than 10^® eV (Cassiday et al. 1989) and as a source of unidentified neutral par­
ticles through muons detected in underground experiments. It is also an extraordinary 
source at more ordinary energies as evidenced by the large radio flares (Geldzahler 
fit al. 1983) and the detected 4.8 hour periodicity in the X-ray observations which 
implies an extremely small binary orbit (Parsignault et al. 1972). 
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Figure 4.2: Orbital phase and significance of TeV detections of Cygnus X-3 at 
TeV energies (Watson, 1986 and references therein) 
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Figure 4.3; Possible explanation for the TeV emission from Cygnus X-3 (Ves-
trand and Eichler 1982) 
The TeV and PeV emission seems to be mainly correlated with the 4.8 hour bi­
nary orbit as shown in Figure 4.2. There is a report of a 12.6 millisecond periodicity 
in TeV observations of Cygnus X-3 ( Chad wick et al. 1985b) which to date is uncon­
firmed (Fegan et al. 1989). Verifying that this periodicity is present would solve the 
problem of how this system accelerates charged particles since the pulsar mechanism 
would apply. 
Figure 4.3 shows a schematic diagram of the possible explanation for the orbital 
correlation. The interaction of an energetic particle beam with the outer region of the 
companion results in a target containing just enough matter to create the 7-rays. The 
direct correlation of the TeV emission with the binary orbit shows the importance of 
the companion star to the 7-ray emission in this system. 
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4.3.2.2. Hercules X-1 Hercules X-1 is a low-mass binary system exhibiting 
three different periodicities. There is a 1.24 second neutron star period, a 1.7 day 
orbital period, and a 35 day modulation of the X-ray intensity which may be due to 
precession of the accretion disk (Boynton et al. 1984). During this 35 day period, the 
source goes through two X-ray off states and a low-on and a high-on X-ray state. 
Like Cygnus X-3, Hercules X-1 has been detected at both TeV and PeV energies. 
The initial TeV detection came in a three minute outburst during which the 1.24 
second X-ray period was clearly evident (Dowthwaite et al. 1984). There have been 
numerous episodes of emission detected by the Whipple observatory group. Some 
of the more interesting episodes include a simultaneous detection with the Durham 
group as illustrated in Figure 4.4, detection of TeV 7-rays during a period of X-ray 
eclipse implying different sites for the X-ray and 7-ray source (Gorham et al. 1986), 
and blue shifting of the detected frequency away from the X-ray frequency further 
implying a different site for 7-ray production. This blue shift was detected by three 
different groups in a three month period of observations as shown in Figure 4.5. 
The TeV observations are correlated with the 35 day X-ray periodicity as shown 
in Figure 4.6. Like Cygnus X-3, this ties the 7-ray behavior to the X-ray emission 
and the companion star. 
4.3.2.3. Vela X-1 Unlike Hercules X-1 and Cygnus X-3, Vela X-1 is a high 
mass X-ray binary system with a B supergiant companion and a neutron star rotation 
period of 283 seconds. The orbital period is 8.96 days and shows X-ray eclipsing. 
Detection at PeV energies has come through a correlation of event arrival times 
with orbital phase (Protheroe et ai. 1984). Vela X-1 has been detected at TeV en-
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Figure 4.7: Detection of TeV 7-rays from Vela X-1 (North et al. 1987) 
ergies based upon a correlation with the neutron star rotation period (North et al. 
1987). There may be some orbital phase correlation at TeV energies with an enhanced 
emission when the neutron star is just entering X-ray eclipse, similar to the Hercules 
X-1 effect (Raubenheimer et al. 1989). Figure 4.7 shows the count rate of a TeV 
observation including a short outburst clearly showing the correlation with the 283 
second spin period. 
If this source is nearly always on — as the observations imply — this is markedly 
different from Hercules X-1 which shows brief episodes of emission on time scales of 
minutes to hours. 
The three systems discussed are quite different yet each one appears to create the 
right conditions for the acceleration of charged particles to extremely high energies 
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and also supply a way for these particles to emit energetic 7-rays. Apparently, quite 
diverse objects can emit at these energies. We now want to find out whether the two 
massive Be binary systems are part of this select group. 
4.4. Objectives 
There have been two significant detections of 4U0115 at TeV energies — by the 
Durham group and the Crimean group — which found that 4U0115 emits on time 
scales of days. A weaker detection by the Haleakela group found short, Hercules 
X-1 like bursts of 400-1000 seconds duration (Resvanis et al. 1986). V0332+53 has 
never been claimed as a TeV source although very weak evidence of emission has been 
reported (Cawley et al. 1985b). 
For completeness, the search for periodicity will be done for both objects using 30 
minute segments in Section 4.6, and for all data within a night coherently merged in 
Section 4.7. The 30 minute analysis will test for emission on short time scales similar 
to Hercules X-1. The test of data by night will be used to search for emission on 
longer time scales and to search for correlations with the binary orbit of each system. 
An analysis of 4U0115 using coherently merged data from contiguous groups of 
nights is described in Section 4.8. This analysis is required because of the earlier 
detections in which the signal appears only when merging several nights. Finally, a 
small number of on/ofF pairs taken with the 109-tube camera in December of 1988 
arc searched for a dc excess from the sources in Section 4.9. This will provide a test 
of the possibility of emission uncorrelated with the neutron star period or the binary 
orbit. 
Rather than letting the largest peak found in an analysis define the pulsar search 
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range, it is desirable to have an a priori range. An allowed frequency shift of ôufv = 
0.003 will safely allow for any shifts in the TeV signal similar to those found in 
Hercules X-1 and for changes in the binary orbit or the neutron star rotation period. 
This is especially important in V0332 where the binary orbit and pulsar period are 
less well known than in the 4U system. 
The possibility of either first or second harmonic emission is also present, espe­
cially in V0332. This analysis will therefore test for TeV emission from these objects 
close to the first and second harmonics of the X-ray frequency using both the un­
cut and azwidth selected data sets, over time scales from 30 minutes to the entire 
database. 
The periodicity analysis will be performed in two different modes. In the first, 
the distribution of peak powers in the spectrogram of all runs for the pulsar search 
range will be compared to a background frequency search range. By searching over 
a wide background range, a well defined power spectrum is calculated for the no 
signal case. When the spectrum close to the x-ray period of the source is compared 
to this background, a deviation of the power spectrum away from that found in the 
background will be the signature of TeV emission. This could take the form of several 
peaks in the power spectrum at very high power levels or of a gradual deviation of 
the integral spectrum of peaks as in the Hercules X-1 detection discussed in Chapter 
One. This analysis would be effective in detecting emission over a variety of duty 
cycles even if the frequency at which the emission takes place is not constant (Lewis 
1989). 
The second mode is to form the incoherent sum of the power spectra from in­
dividual runs. This tests for steady emission at any single frequency since the sum 
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of powers at each individual frequency is the statistic used. The incoherent sum of 
powers is essentially the Fisher test at a single frequency using a power threshold of 
zero. 
By having such a wide variety of analyses, the characteristics of any possible 
emission should be adequately covered. The conflicting reports of emission from 
4U0115 and the distinct features of the three sources discussed in the previous Section 
shows that it may be unwise to make too many assumptions about the behavior of a 
candidate source. It therefore seems prudent to have an open mind and try as many 
analyses as possible to find out as much as we can about the chance for TeV emission 
and the characteristics of that emission. 
4.5. Data Treatment 
Before the tests for periodicity are applied, each data run is processed in basically 
the same manner. Each event in a run is flat fielded using the pedestal calculated 
from calibration files taken at the beginning and end of each night of observation. 
The gain for each channel was calculated using a sky gain algorithm in which the 
relative gains determined by the nitrogen puiser file were supplemented by using the 
pulse height spectrum from all available data taken during the night (Gibbs 1987) as 
seen by each phototube. Phototubes in the same zone should see similar spectra. By 
finding the spread in digital counts from the 20% to the 80% points in the pulse height 
spectrum, the relative gains in any zone can be calculated. The best thing about the 
sky gain is that the light seen by each phototube is the Cherenkov spectrum modified 
by atmospheric absorption. There is no worry that the calculated gain will change in 
Roing from the nitrogen puiser to the air shower Cherenkov spectrum. It is assumed 
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that the spectra, from the proton and 7-ray showers are similar. The average nitrogen 
gain is used to determine the relative gains between zones. 
Pedestals for high resolution camera data (109-tube) were not calculated from 
!) calibration file but from each individual data file. This takes care of a hardware 
problem involving pedestal drift in the early operation of the 109-tube camera. The 
peak in the pulse height spectrum for each tube in a seven minute segment is taken 
as the pedestal for flat fielding that segments events (Lang 1989). 
Image parameterization follows the scheme outlined in Chapter Two. The 37-
tube data are parameterized with a noise cut-off of 10 digital counts while the 109-tube 
data used a value of 5 digital counts. Zeroing channels containing less signal than this 
helps assure that the images are not dominated by noise. Also, in the 37-tube data 
any tube having less than 1% of the total signal is zeroed. For the 109 tube camera 
the 1% is scaled by the smaller area of the newer phototubes for a 0.3% cut-off. Any 
tube greater than 1.4° away from the tube containing the maximum intensity was 
zeroed. Since the images from both proton and 7-ray induced showers are smaller 
than this, it should not adversely effect the parameterization of the image. It does 
ensure that the image is not distorted by noise in channels far from the centroid. 
The integrity of each run was checked by doing a test on the event rate binned 
by minute. Those runs having a probability of uniformity less than 10% were then 
checked visually. Any runs which had large deviations in the minute rates — typically 
50% or more — were removed from the database. Figure 4.8 shows examples of a 
run which was deleted and one which was checked but kept. For most of the runs 
the choice was obvious. A few were border line cases in which the 50% rule was 
usually followed. If the runs have a fairly stable minute rate, then the atmospheric 
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conditions are probably reasonable and the chance of spurious periodicities appearing 
in the spectrum is reduced. 
This procedure also provides a way to find possible bursts in the data from the 
candidate source. None were found. 
Runs in the database deleted for other reasons include those taken with a moon 
filter which allows the experiment to operate under moonlight, but increases the 
energy threshold of the telescope by at least an order of magnitude and also files taken 
at extremely low elevations (< 30°). High-resolution camera runs from October and 
November of 1988 which were contaminated by severe electronic noise were deleted. 
Runs from September 1988 were deleted because although the uncut data looks fine, 
about 20% of the events pass the azwidth cut. Typically only a few percent of high 
resolution camera data pass the azwidth selection. This problem is not specific to 
4U0115; runs taken on other sources in the same nights also have the problem. The 
reason for the large fraction passing the azwidth cut is unknown at this time. This 
is reason enough to delete the runs. 
Each run considered eligible for further analysis was then split into segments 
approximately 30 minutes in duration with the correct elevation for the center of the 
segment calculated. This allows the azwidth selection as a function of zenith angle 
to proceed properly. Image selection using the canonical Hillas values for the 37-tube 
camera (Hillas 1985) and values for the 109-tube camera from Chapter Two results 
in the imaging database. The result is 247 half hour segments of both uncut and 
azwidth selected data on 4U0115+63 and 148 segments on V0332-t-53. 
The only other pre-processing of data segments is to correct the arrival time of 
each event to the solar system barycenter using the MIT PEP740 ephemeris and to 
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the center of mass of the binary system using the binary orbits determined by X-ray 
observations (Ricketts et al. 1980 for 4U0115 and Stella et al. 1985 for V0332). 
4.6. 30 Minute Analysis 
The data processed as above are ready for analysis. Analyzing the data in 30-
minute segments will test for emission on short time-scales. It will also provide a clear 
comparison with the reported emission from Hercules X-1 which is the most widely 
detected X-ray binary at TeV energies and emits in short bursts with a timescale of 
minutes to hours. 
The search for periodicity uses the Rayleigh test (Mardia 1972). The test statistic 
is given by 
with N the number of arrival times and c and s defined by 
c = S,^j cos O j  s  =  sin 
where Oj is the phase of the arrival time folded modulo the test period and P is called 
the Rayleigh power. Since c and s can be shown to be normally distributed with 
mean. 0, and variance, N/2, in the no signal case, twice the power is distributed as 
with 2 degrees of freedom. This means that the probability of a peak power exceeding 
some level. Po, is given by exp(-Po). The Rayleigh test is good to apply when nothing 
is known about the light curve. Other tests may be more powerful if the duty factor 
of the source is known (De Jager 1987). 
A wide frequency range of 0.2 to 0.6 Hz is adopted which includes the first and 
second harmonics of the X-ray frequency f^r bol li sources: 0.22855 and 0.45710 Hz 
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for V0332, and 0.27655 and 0.55330 Hz for 4U0115. There are 3600 trials per run 
using an independent spacing of 1/1800 s~^ and oversampling by five. This results in 
u large background frequency range giving a power spectrum which can be compared 
to that found in the pulsar search ranges to determine the significance of any effect. 
4.6.1. Distribution of peak powers 
Each pulsar search range has been analyzed in two ways; the incoherent sum of 
individual power spectra and the distribution of peak powers. The first to consider is 
the distribution of peaks in the pulsar search range. This is motivated by the Hercules 
X-1 analysis, which found evidence for TeV emission based upon the difference in the 
distribution of peak powers near the X-ray frequency as compared to the distribution 
from the background search range. 
A search range centered on the X-ray frequency or its second harmonic is applied 
to both sources using the Svfv = 0.003 criterion. The background frequency search 
is divided into equally wide frequency bins. The analysis proceeds by taking the 
largest peak power in each background frequency bin for all runs, and comparing the 
resulting distribution to that found from the maximum power in the pulsar search 
range for each run. The number of frequencies per bin for the two sources are 12 and 
24 for V0332 and 15 and 30 for 4U0115 in the first and second harmonics. There 
may be several peaks in each frequency bin for any single run. The analysis could 
proceed using all peaks instead of the highest peak. If all peaks were used, however, 
this would tend to make the pulsar search range look more like the background search 
range. The assumption will be that the highest peak in the frequency bin represents 
the possible signal. 
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Table 4.2: Fisher test probabilities for various 
4U0115+63 30 minute analyses 
data set P > 1.0 P > 3.0 P > 5.0 
wide 
uncut 1st 50.2 77.3 24.8 
uncut 2nd 1.70 26.8 47.7 
azwidth 1st 61.4 63.0 36.2 
azwidth 2nd 10.4 16.6 12.7 
Figures 4.9 through 4.12 show the distributions for the 30 minute analysis using 
azwidth and uncut data for both harmonics. An excess of peak powers over the 
number expected from the background is the sign that emission may be occurring. 
The distributions for the uncut data in the second harmonic both show an excess of 
peak powers. The azwidth selected data for 4U0115 shows some excess, in particular 
a very large peak with power 11.6. The first harmonic shows no sign of an excess for 
either source. 
Tables 4.2-3 give the probabilities of getting each distribution as a function of 
data set and power threshold (1, 3 or 5) using the Fisher test described in Chapter 
One. As a reminder, the probability of a peak in the search range being greater than 
or equal to some power, P, is determined by the fraction of peaks in the background 
exceeding that power. The individual probabilities are combined to find the likelihood 
of the distribution. 
The most impressive probability for either source comes in the uncut 2nd har­
monic search range with a power threshold of 1.0. The probability for finding the 
measured distribution of powers in the 4U search range is only 1.7% and it is 2.5% 
for V3. There are four independent search ranges — azwidth and uncut for both 
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Figure 4.9: Distribution of peak powers for 4U01154-63 in the 30 min uncut 
database for both harmonics 
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Figure 4.11: Distribution of peak powers for V03324-53 in the 30 min uncut 
database for both harmonics 
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Figure 4.12: Distribution of peak powers for V0332-F53 in the 30 min azwidth 
database for both harmonics 
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Table 4.3: Fisher test probabilities for vari­
ous V0332+53 30 minute analyses 
data set P > 1.0 P > 3.0 P > 5.0 
wide 
uncut 1st 41.6 64.4 48.7 
uncut 2nd 2.51 25.3 31.2 
azwidth 1st 81.8 92.9 70.5 
azwidth 2nd 62.3 57.9 83.1 
harmonics — which means the probability of getting the measured distributions rises 
to ().87o and 10%. The conclusion is that the distribution of peaks shows no solid 
evidence for emission from either source on 30 minute time scales. 
4.6.2. Incoherent sum 
The second analysis is the incoherent sum of the individual runs. There are 247 
runs in the 4U0115 database and 148 for V0332. To form the incoherent sum, we 
simply add the powers for each run at every frequency. Twice the Rayleigh power 
is distributed as with 2 degrees of freedom. If there are N spectra, twice the 
sum is distributed as with 2N degrees of freedom. Figures 4.13-14 show the 
probabilities resulting from the incoherent sum for the azwidth and uncut data sets 
in both harmonics for both sources. 
Arc any of the resulting peaks significant? There is an oversampling factor 
involved in all of these analyses due to the fact that by oversampling in the frequency 
search, more peaks turn up at higher powers than expected from the exponential 
distribution. Oversampling distorts the peak power distribution. This effect is usually 
accounted for by an oversampling factor which is determined from Monte Carlos, or 
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in our case, from the background distribution of peaks. 
The incoherent sum of runs contains a similar oversampling factor. There are 
too many peaks having probability less than any confidence level. Figure 4.15 shows 
examples of the distribution of probabilities for all frequencies from 0.2 to 0.6 Hz 
as compared to the distribution of probabilities from peaks only. A straight line 
is expected. The distribution of probabilities for peaks alone is distorted while for 
all frequencies it is close to the expected distribution. This shows that the runs 
!i,re properly normalized. The result is that the number of frequencies in the search 
range is a good estimate of the number of independent trials even though adjacent 
frequencies are not independent of their neighbors. Another way of saying this is that 
the penalty in the incoherent sum for oversampling the data is roughly equal to the 
oversampling factor itself. 
Considering that there are 12 and 24 independent trials for the V0332 search 
ranges and 15 and 30 for 4U0115, none of the peaks are significant. The smallest 
search range is 12 frequencies. In order for a peak to have a final probability of 
arising due to chance of less than 1%, the probability of getting the peak must be 
less than 10"'^. There are no peaks at this confidence level near any of the search 
ranges. The incoherent sum of runs does not find a significant eff'ect. There is little 
evidence for TeV emission from either source on short times scales of 30 minutes or 
less based upon the incoherent sum of runs and the distribution of peak powers. If 
either of these sources are emitting TeV 7-rays, they are not emitting in Hercules X-1 
type bursts. 
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4.7. Analysis of Data by Night 
The same analyses done with the 30 minute segments have been repeated using 
individual nights as the time scale. All data within an individual night have been 
merged for a. coherent time series. Since the starting time of each run is known, and 
the relative times in each run are known, a single time series is easy to get. A typical 
night has about 2 hours of data so the time scale is at least four times longer than 
in the previous analyses. Keep in mind, however, that this analysis is not completely 
independent of the 30 minute analysis and similar results may be found. 
This mode of analysis is especially important for 4U0115. The most significant 
detection, that of the Durham group, found evidence for emission on time scales of 
nights. This analysis is necessary to make a comparison with previous observations. 
Since V0332 is a similar object, the same analysis has been done on it. 
The only major difference from the 30 minute analysis is that a new frequency 
spacing is used. The frequency spacing is 1.85 x 10~® Hz which corresponds to 
oversampling the longest night, about five hours, by three. This means that an average 
night is oversampled by about 10. The same method of analysis — distribution of 
peak powers and incoherent sum — will be tried. 
4.7.1. Distribution of peak powers 
Tables 4.4-5 show the results of the Fisher test on the distribution of maximum 
peak powers in the search ranges of interest. Once again, the uncut second harmonic 
shows the most activity for both sources. None of the searches find a significant effect. 
Figures 4.16-19 show the appropriate distribution of peaks. The similarity to 
the 30 minute analysis is obvious with the uncut second harmonic search for both 
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Table 4.4: Fisher test probabilities for various 
4U0115+63 analyses 
data set P > 1.0 P > 3.0 P > 5.0 
night uncut 1st 65.4 57.5 78.6 
night uncut 2nd 2.74 2.22 14.9 
night azwidth 1st 80.5 61.5 66.3 
night azwidth 2nd 24.8 28.5 45.9 
narrow 
night uncut 1st 27.4 38.8 57.3 
night uncut 2nd 34.9 8.98 91.4 
night azwidth 1st 54.8 80.4 (no peaks) 
night azwidth 2nd 64.3 25.5 13.7 
Table 4.5: Fisher test probabilities for various 
V0332+53 analyses 
data set P > 1.0 P > 3.0 P > 5.0 
night uncut 1st 17.6 37.7 19.7 
night uncut 2nd 18.3 3.75 5.50 
night azwidth 1st 37.3 49.8 70.0 
night azwidth 2nd 62.8 67.0 26.3 
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sources showing a clear excess over the background. In this case, however, V0332 also 
shows an excess in the first harmonic search range. The Fisher test probabilities are 
insignificant when multiplied by four for the number of analyses. The best is a final 
probability of 8.88% for the 4U0115 uncut second harmonic with a power threshold 
of n.d. 
Table 4.6 also lists a separate analysis of 4U0115. The most prominent detection 
of 4U0115, by the Durham group, found a signal extremely close to the X-ray fre­
quency in the first harmonic. In fact, the entire search range for the Durham analysis 
is nearly the same as the individual frequency spacing used here. The Durham result 
implies that 4U0115 is a steady emitter of TeV 7-rays at almost exactly the X-ray 
frequency. The source was reported to be on every night it was observed at an aver­
age level of 2% above the cosmic ray background. A test of this conclusion using the 
distribution of peak powers would compare the distribution of peaks that are closest 
to the X-ray frequency for any run with the distribution of all peak powers. As shown 
in the table, there is no evidence for a steady signal close to the X-ray frequency in 
the Whipple database. 
4.7.2. Incoherent sum of nights 
The incoherent sum of nights proceeds as in the 30 minute case. The only 
difference is that there are only 60 (31) spectra instead of 247 (148) for 4U0115 
(V0332). By oversampling the longest night by 3, there are six times as many trial 
frequencies in each search range. In order for any peak to be significant it would 
have to have an initial probability less than 10""^ in order to survive the number of 
independent trials. Figures 4.20-21 clearly show that there are no peaks at this level 
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Figure 4.1G: Peak distribution for 4U0115 uncut data by night. First harmonic 
distribution is at top, second harmonic at bottom 
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Figure 4.17: Peak distribution for 4U0115 azwidth data by night 
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Figure 4.18: Peak distribution for V0332 uncut data by night 
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Figure 4.19: Peak distribution for V0332 azwidth data by night 
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of significance. Again, there is no evidence of emission from either source. 
So far, there is no evidence of a periodicity in the data commensurate with the 
neutron star spin period. Is there any correlation with the binary orbit? In Figures 
4.22-25, the orbital phases of the nights have been graphed vs. the peak power for 
all four search ranges. There is no evidence of these peaks being tied to the orbital 
phase of the neutron star. The plots are nicely random. The final conclusion is that 
there is no evidence that either source emits TeV 7-rays on time scales of nights. 
4.8. 4U0115+63 Coherent Sum of Nights 
There is no evidence for emission from either source on time scales of nights or 
less. What about longer time scales? This analysis is motivated by the Durham 
detection of 4U0115 that relied on coherently merging the time series from successive 
nights to successfully detect TeV emission. This was not tried on V0332 although a 
previous analysis of the V0332 data found an effect at the 3% level by merging nights 
(Ca.wley et al. 1985b). 
Groups of successive nights on which 4U0115 was observed are coherently merged 
into single time series. There are 14 sets of contiguous nights ranging from two to 
six nights per set. The test for periodicity again uses the Rayleigh test although the 
frequency range selected is confined to the first and second harmonic search ranges. 
There is no background search. 
The first task is to understand the effect of merging groups of nights in terms of 
the 24 hour periodicity induced in the time series. To accomplish this, 10 four hour 
data runs with a Poisson distributed 1 Hz arrival rate have been simulated. Two sets 
at a time are merged into two-day data segments with 24 hours between runs. There 
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are 5 simulated two day observations. All 10 sets have been merged with 24 hour 
spacing for a 10-da.y observation. 
Each data run is Rayleigh tested from 0.27 Hz to .2839 Hz resulting in 200 in­
dependent Fourier spacings for the four hour set with oversampling by five. The 
two-day and. 10-day sets have been analyzed over similar ranges with the same over-
sampling. Figure 4.26 shows the distribution of peak powers when the independent 
Fourier spacing is taken to be the entire length of the data set — i.e., 4 hours or 28 
hours or 220 hours. The numbers are normalized to 1000 peaks. There is very little 
difference so long as the independent spacing is assumed to be the total duration of 
the- time series and not the time on source. 
• 4 hours 
*• 28 hours 
« 10 days 
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The above results also indicate that it is fair to compare the distribution of peak 
powers for any data sets with the same oversampling since the independent spacing 
takes care of the distribution. Since we do not have a background search range for the 
coherent merging of nights, another background search range will do. Figures 4.27-28 
show the distribution of powers found in the four search ranges for the merged nights 
— first and second harmonics, azwidth and uncut — compared to the distribution of 
all peaks from the by night analysis as a background estimate. 
Nothing stands out as being particularly interesting except a power of 10.8 in 
the uncut second harmonic. This peak is at a frequency of 0.5500 Hz, close to the 
edge of the search range. There are a total of 11750 peaks in the uncut search ranges. 
The independent spacing of these groups of nights is such that a 6 night series is 
oversampled by 3. That means an oversampling factor of at least 2 for any grouping. 
The probability of getting a power of 10.8 is then (1 — (1 — g-lO.8^11760*2^ or 38 %. 
Another factor of two comes into play with the azwidth search so there is no evidence 
of emission from 4U0115 from coherently merging groups of nights. 
The Durham detection, which is the most solid detection of 4U0115, did not 
simply rely on coherently merging successive nights. They found it necessary to 
search on an orbital parameter. By searching on the orbital period, a strong effect 
was found in a set of 8 runs taken over 9 days. The Ariel 6 observation of the 1980 
X-ray outburst had determined the orbital period to be 24.3155+/-0.0002 days. The 
Durham group, using observations in 1984, found their effect at a period of 24.313 
days. At first sight a small difference, but it is 12 standard deviations away from the 
Ariel G measurement. Certainly the binary orbit could be evolving but this much of 
a. difference is somewhat unsettling. 
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Because of this, and because it is extremely difficult to determine the number 
of independent trials involved in searching on a continuous parameter such as the 
orbital period, such a search will not be attempted. The process of searching on an 
orbital parameter has the effect of keeping the length of the Rayleigh vector for a 
night's observation the same, but its phase will change. This means the separate 
vectors from contiguous nights might add coherently instead of possibly subtracting. 
For instance, if we have 8 nights of data, the mean power per night is 1.0. If we add 
these nights coherently, the total power can be anywhere from 0 to 64 depending on 
the relative phases. The power is proportional to the square of the number of signal 
events contributing. This means nearly a 30 order of magnitude change in probability. 
This makes the changes in power seen by the Durham group as they search on orbital 
period seem insignificant by comparison (Figure 4.29). 
One of the strengths of the present analysis of 4U0115 is that everything we have 
done is well understood and easily quantifiable. There is enough data to test the 
Durham hypothesis that 4U0115 is a steady emitter of TeV 7-rays near the X-ray 
frequency without journeying into unknown territory. If 4U0115 is on every night 
at typically 2% above the background, this should be seen in the incoherent sum of 
nights previously tried. A typical Whipple night on 4U is about 2 hours. Assuming 
a 2 Hz data rate means about 15000 events per night in the uncut database. A 2% 
excess from 4U means that there are 300 7-rays from 4U each night. The Rayleigh 
power is equal to 1 -f /i, where fi is (nsÇs)^/N, with N the total number of events, Us 
the number of signal events, and gg a constant depending on the shape of the signal 
light curve and being equal to about 1/2 for a sinusoidal light curve (Lewis 1989). 
The average power for a single night using these numbers would be 2.5. 
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Figure 4.29: Detection of 4U0115 by the Durham group based on a search on 
orbital period (Chadwick et al. 1985a) 
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Since we have 60 nights of observations, the incoherent sum of powers should be 
60 X 2.5, or 150. A test would give 300 for 120 degrees of freedom which would 
have a probability of 3.7 x 10"^^. So if 4U is on every night in the tiny search range 
the Durham group used, there should be a tremendous peak near the X-ray frequency. 
There is no hint of such a peak. 
Now, there are several questions this calculation ignores. The possibility of a 
frequency change is possible although 4U tends to oscillate from spin-up to spin-
down, always keeping its frequency about the same. This also would argue against 
the tiny Durham search range. If the frequency is moving around ala Hercules X-1, 
n wide search range is in order and the peak in the incoherent sum could be lost due 
to movement of the peak from night to night. One would assume that if the pulsar 
signal is moving in frequency, the peak distribution test would take care of this. At 
any rate it appears that we can certainly rule out 4U0115 as a steady source of TeV 
7-rnys. In fact, if anything it is quite sporadic. 
4.9. On/ofF Analysis 
Most of the data on these objects have been taken in tracking mode. The tele­
scope slews along with the object and a detection depends on correlating the time 
series with the pulsar period. Part of the 109- tube data has been taken in on/off 
mode in w^hich the object is tracked for some length of time and then the telescope 
slews back to cover the same zenith angle region for an equal length of time. An ex­
cess of showers from the source direction can be found independently of the temporal 
properties of the arrival times. This is the analysis which finds the steady, unpulsed 
emission from the Crab Nebula. 
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Table 4.6: Oii/ofF analysis of V0332 and 4U0115 from December 1988. Time 
on source is in minutes 
time on uncut on uncut off excess cut on cut off excess 
V0332 364 94688 94307 2.0«r 2881 2798 l.lcr 
4110115 253 . 67194 66812 1.Go- 1524 1498 0.5o-
There are 13 pairs of on/off runs for V0332 and 11 for 4U0115 all taken in 
December of 1988. Each on run is 28 minutes for V0332 and 23 minutes for 4U0115. 
The 23 minute duration was chosen to avoid a bright star in the field of view during 
the off run if a 28 minute offset is used. These pairs can be used to look for an 
unpulsed excess from the binary systems. 
In Table 4.7, the number of showers on-source vs. off-source for both objects are 
shown. The significance in standard deviations is given by the equation (Li and Ma 
_ (./Von, - -^o//) 
(•^on + 
where a is the ratio of on-time to off-time and is one for this case. There is no 
evidence for an unpulsed signal from either binary. This is a very sensitive test and 
further time on source in this mode of observation would provide excellent flux limits. 
4.10. Summary 
None of the analyses presented have found evidence for emission from 4U0115 or 
Vfl332 based on a comprehensive analysis of all data. Is there any strong, transient 
effect, of any significance? The two most prominent powers in the pulsar search ranges 
are for 4U0115 in the second harmonic. The power of 11.86 in the uncut, by-night 
analysis occurred on 9 January 1986 at a frequency of 0.5539 Hz. A power of 11.5 in 
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the azwidth 30 minute analysis occurs on 12 January 1986 at 0.5534 Hz. Having the 
two largest peaks in the search ranges be so near in time and frequency to each other 
is intriguing. 
The data from these nights have been divided into 15-minute segments for further 
analysis. There is three hours of data on the first night and two on the second. The 
uncut effect on .January 9 is maximized by using the entire 3 hours of data taken on 
source. The 30-minute azwidth effect is slightly enhanced by including the preceding 
15- minute segment, the power goes to 12.5. The uncut three-hour effect is completely 
washed out by the image selection and the azwidth effect shows little in the uncut 
data. 
Light curves for both of these are shown in Figure 4.30. The probability of the 
30 minute azwidth peak can be estimated through the background powers in the 30 
minute analysis. The probability of getting a peak at a power of 11.5 is 4.8%. This 
peak is not significant. The power of 11.8 in the by-night analysis is more interesting. 
It is the highest power in the 0.2 to 0.6 Hz frequency range for all 60 nights in the 
uncut data. There are a total of 7080 peak powers in the background distribution 
for frequency bins the size of the second harmonic search range. This means that the 
probability of getting a peak as large as the one found is less than 1.4 x 10""^. Since 
there are 60 nights involved the probability of getting the power of 11.86 is less than 
0.85%. Include in a factor of four for azwidth and the first harmonic searches, and 
the probability is still less than 3.4%. This is more significant than any of the tests 
using the total database. This probability is encouraging but not significant. 
Given the scant evidence for emission from either source, an upper limit may be 
useful. Any upper limit is bound to be model dependent and should be viewed with 
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Figure 4.30: Light curves for the strongest transient effects on 4U0115. The 
top is the uncut sample from 9 January 1986. The bottom is from 
the azwidth selected half hour on 12 January 1986. Calculated 
from the method of Cook e( al. (1990) 
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caution. Choosing the incoherent sum of nights as the test of choice, what level of 
pulsed TeV emission would the sources need to have been detected at the 1% level 
( 2 (t)? There were 60 nights of observations on 4U0115 and 31 on V0332. The 
incoherent sum used a test on the sum of powers from each night. 
In order for 60 (31) nights to give a 1% effect (starting from 0.02% including a 
factor of 60 for a typical number of trials in a search range) using the test, twice 
the sum of powers would have to be 195 (120). This would mean an average Rayleigh 
power of 1.63 (1.94) per night. From the fact that the Rayleigh power is equal to 1 
+ //. with fi equal to {nsgs)^/N we find that for a typical 2 hour observation with 
15000 events per night, there must be at least 194 (237) 7-rays per night from 4U0115 
(V0332). This means that the upper limit to emission is 1.3% (1.6%) of the cosmic 
ray rate. 
Ill order to convert this to an absolute flux, the energy threshold and collection 
areas are estimated from the simulations of Chapter Two. The average elevation for 
the 30-minute segments on 4U0115 (V0332) is 53° (61°). Since most of the data were 
taken with the 37-tube camera, the energy threshold of the telescoped is assumed to 
correspond to the 30° simulations for the 37-tube camera. The energy threshold of 
a telescope can be calculated as the maximum in the plot of AE~'^, where A is the 
collection area as a function of energy and E~'^ is the differential energy spectrum of 
the source (Weekes 1976). This is equivalent to finding the peak in the distribution 
of triggering particles from Figure 2.15. The energy threshold for these observations 
is therefore taken to be 0.4 TeV. 
The collection area of the detector is approximated as the mean impact parameter 
of the triggering particles having energy close to the energy threshold. For the 37-
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tube simulations at 60°, the average impact parameter for showers between 0.4 and 
0.6 TeV is 120 meters. This gives a collection area for 7-ray showers of 5x10® cm^. 
The upper limit to the flux of TeV 7-rays can be calculated using the collection 
area and the upper limit to the number of photons per night as well as an average of 
two hours on source each night. The flux limits are 5.4 + / —0.5 x 10"^^ photons/cm^ 
for 4U0115 and 6.6 + / — 0.4 x 10"^^ photons/cm^s for V0332 above 0.4 TeV. 
More stringent limits can be obtained from the imaging analysis. Since the 
imaging procedure keeps typically 2% of the data from each run, the above limits can 
be scaled down by a factor of \/M. This means a final flux of less than 1.0 x 10"^^ 
photons/cm^a—1 for both sources above 0.4 TeV. The Durham detection of 4U0115 
was for a steady emission over 9 days at the 7.1 + / — 1.4 x 10"^^ photons/cm^a—1 
level with an energy threshold of 1.0 TeV. Since the Whipple limits are lower for an 
energy threshold less than half the Durham threshold, this shows that 4U0115 is an 
extremely transient source and that V0332 is similarly 7-ray quiet. 
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5. CONCLUSIONS 
The two main efforts in this work have been the testing of Cherenkov imaging, 
especially as applied by the Whipple Observatory collaboration, and analysing the 
4U0il5 and V0332 databases. 
In terms of the imaging, some valuable things have been learned. First, the muon 
telescope showed that the Whipple instrument is capable of accurately recording any 
expected differences in the proton and 7-ray shower images. The detector has the 
ability to find some subtle single particle images. The fact that these images have 
the characteristics expected shows that this experiment is well understood and is 
operating properly. Even though the expected rate of muon rings is very low, the 
other expected features like arcs and displaced rings appear much more frequently and 
their appearance could provide a useful constant check on the long term performance 
of the telescope. 
The Monte Carlo simulations have shown that the characteristics of the Cherenkov 
light images due to 7-ray induced air showers are well understood. The agreement 
between the Hillas program and the Iowa State simulations are good. We have also 
seen that the Iowa State simulations are in good agreement with the results from the 
detection of the Crab Nebula. Both the collection efficiency and the efficiency of the 
azwidth selection from the Grab observations are qualitatively explained through the 
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present simulations. 
There does appear to be some work left to do in understand the imaging. For 
instance, the images are very sensitive to the noise from the night sky. Perhaps there 
is a different parameterization of the images which would alleviate these problems. 
There may also be better ways of characterizing and utilizing the images to better 
enhance the sensitivity of the detector. Certainly the simulations can provide a wealth 
of information and should continue to be pursued. 
The X-ray objects analyzed show very little evidence of being TeV sources. 
Vn.3.32+53 shows no signs of emitting TeV 7-ra.ys in either the first or second har­
monic. This is true for both the uncut and the azwidth selected database. 4U0115+63 
also shows no strong evidence of TeV emission. 
By considering Figure 4.1 and the possible source mechanisms, we may shed some 
light on these null results. Hercules X-1, Cygnus X-3 and Vela X-1 all show evidence 
of being strongly influenced by the companion star both in terms of the characteristics 
of the TeV emission and in terms of the binary system characteristics. Two of the 
three source mechanisms require a nearby source of matter to provide a target for the 
particle beam and to provide accretion which powers the particle acceleration. The 
wide orbits of V0332 and 4U0115 and the relatively infrequent mass ejection from 
the companion star as evidenced by the transient X-ray emission indicates that the 
neutron star and Be star do not usually have much effect on each other. 
The only reported episode of X-ray emission from either system since these TeV 
observations started was an outburst from 4U0115 in the spring of 1987. There were 
no TeV observations at this time. It might be worthwhile to observe these sources 
during an X-ray outburst. This would provide an interesting test of whether or not 
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these objects can emit under any circumstances, and if so, of the possible source 
mechanisms. 
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7. RECENT DEVELOPMENTS IN IMAGE RECONSTRUCTION 
111 the months since this work was completed, there has been considerable effort 
in image reconstruction and event selection. Here we report on the effect of some of 
this work on the conclusions drawn in previous Chapters. 
The parameterization of events as described in Chapter Two is a successful one 
but does have some drawbacks. The sensitivity of the azwidth parameter to sky noise 
is unsettling. This sensitivity could conceivably force one to define different sets of 
7-ray domains depending on which part of the sky one is looking at. 
Recently a parameterization which is more effective on the Crab Nebula data was 
proposed(Cawley 1989). Instead of having a noise cut-off of 5 digital counts and also 
zeroing any tubes having less than 1% of the total signal or being greater than 1.4° 
away from the maximum tube, the only noise treatment is to zero any tube having 
signal less than 10 digital counts. The noise cut-off is a parameter which needs fine 
tuning. Too small and the differences in the proton vs. 7-ray images are diminished 
due to the noise dominating the images. If made too large, a higher fraction of 
proton showers begin to pass the cuts which again reduces the efficiency of the image 
selection. 
A slight enhancement of the 109-tube imaging on the Crab Nebula is gained by 
going to lOdc. This is also a better parameterization because the images are less 
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Table 7.1: Mean azwidth for various noise treatments at 
the zenith 
zone 1 zone 2 zone 3 zone 4 zone 5 
10 d.c. noise 0.188 0.138 0.124 0.125 0.134 
5 d.c. noise 0.250 0.229 0.203 0.198 0.184 
noiseless 0.243 0.187 0.159 0.154 0.160 
driven by noise. Table 7.1 shows the mean azwidth for zones 1 through 5. The three 
values given are for the parameterization used in Chapter Two, the 10 digital count 
noise cut-off, and an estimate of the "true" azwidth of the Cherenkov images. This 
was calculated by taking the simulations without noise and parameterizing the events 
liased upon pure signal alone with no digital count cut-off. The noiseless images tend 
to be roughly half-way between the other two samples for all zones. It makes sense 
that the 10 digital count cut-off gives a smaller azwidth since this threshold starts 
to zero tubes that actually have some signal in them which decreases the size of the 
image. Also, the 5 digital count cut-off should give higher azwidth than the noiseless 
case since this threshold is close to the noise and the resulting images are broadened. 
We can also look at the effect of sky noise and primary energy. Table 7.2 shows 
the mean azwidth and the standard deviations of the azwidth distribution for the 10 
digital count and 5 digital count noise cut-offs for the 45° simulations. In Chapter 
Two, we showed a that changing the sky noise had a large effect on the azwidth 
distribution. Table 7.2 shows that in going from a sky noise of 3.0 digital counts to 
3.4 digital counts, the 10 digital count noise cut-off parameterization is less effected 
by the change in sky noise. 
Let us look at the energy dependences in the azwidth parameter for the two 
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Table 7.2: Azwidth for various noise levels for the two 
parameterizations at 45 degrees 
azwidth <T a of mean 
10 d.c.(3.0 noise) 0.106 0.036 0.002 
10 d.c.(3.4 noise) 0.116 0.049 0.002 
5 d.c.(3.0 noise) 0.199 0,061 0.003 
5 d.c.(3.4 noise) 0.228 0.068 0.003 
Table 7.3: Mean azwidth as a function of energy 
low mid high 
10 d.c. noise 0.115 0.129 0.154 
5 d.c. noise 0.217 0.208 0.189 
noiseless 0.158 0.166 0.183 
parameterizations. In Table 7.3, we compare the mean azwidth as a function of energy 
for zenith simulations. In Chapter Two, we noted that the higher energy primaries 
had lower azwidth than the low energy primaries. That this is attributed largely to 
noise is shown in the table. The 10 digital count parameterization is much more in 
line with the energy dependence of the noiseless simulations than the 5 digital count 
parameterization. The noiseless events suggest that the higher energy primaries have 
larger azwidth than low energy primaries. The 10 digital count case is in agreement 
with this while the 5 digital count parameterization reverses the situation. This is 
more evidence of how important it is to take care in the treatment of noise in the 
parameterization of the images. 
Even though the energy dependence in the azwidth distribution is small, it is im­
portant to note that through the parameterization, a completely opposite dependence 
can be induced. This further points out the importance of completely understanding 
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the simulations and the effects of noise. After all, even though the imaging works on 
the Crab Nebula, other sources have yet to respond to this technique and barring the 
possibility that there is only one source, the technique should be fully understood to 
improve the chances of successfully applying it to other objects. 
